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 Piezoelectric materials have a wide range of applications in sensors, actuators, 
and transducers. However, most widely used piezoelectric materials are Pb(Zr,Ti)O3-
based (PZT). Due to environment concerns, lead-free piezoelectric materials have 
attracted much attention in the past few years. In the present work, chemical 
modification, templated grain growth, and hot press sintering have been used to 
develop high performance lead-free (Ba,Ca)(Zr,Ti)O3 piezoelectric ceramics.  
 A conventional solid state reaction was used to fabricate chemical modified 
(Ba,Ca)(Zr,Ti)O3 (BCZT) piezoelectric ceramics. The effects of doping on phase 
structure, microstructure, dielectric properties, piezoelectric properties, and 
ferroelectric properties of BCZT ceramics have been systematically investigated. Due 
to the formation of morphotropic phase boundary (MPB) and the improvement of 
microstructure, the piezoelectric properties of BCZT ceramics increase from d33=130 
pC/N, kp=20%, d31= 43 pC/N, and k31=11% to d33=350 pC/N, kp=33%, d31= 122 
pC/N, and k31=16%. However, the Curie point (Tc) decreases from 70 °C to 60 °C. 
Therefore, in the subsequent study, LiNbO3 has been doped into BCZT ceramics to 
increase Tc to 83 °C. Additionally, the electrical properties of BCZT-LN ceramics are 
significantly improved due to the formation of another MPB in this system. The 
optimized piezoelectric properties of BCZT-LN ceramics are d33=500 pC/N, kp=49%, 
d31= 215 pC/N, and k31=24%. These results suggest that the properties of BCZT 
ceramics can be dramatically improved by optimizing the chemical composition.  
Highly textured BCZT ceramics were fabricated with a templated grain growth 
(TGG) method using BaTiO3 plate-like template. The effects of different template 
contents on the phase structure, microstructure, dielectric properties, piezoelectric 
 vii 
 
properties, and ferroelectric properties of textured BCZT ceramics have been 
systematically studied. High degree of orientation can be obtained by optimizing the 
template content, resulting in excellent piezoelectric properties of d33=470 pC/N, d31= 
170 pC/N, kp=44%, and k31=22%. Moreover, the Tc of the textured ceramics increases 
with increasing BaTiO3 template content. Therefore, it is feasible to fabricate BCZT 
ceramics with appropriate combination of Tc and piezoelectric properties to meet 
different requirements by controlling the template content. 
Hot press sintering was used to prepare dense BCZT and textured BCZT 
ceramics in order to further improve their electrical properties. Because of the 
increased density, the hot-pressed BCZT and textured BCZT ceramics show 
significantly enhanced piezoelectric properties with d33=510 pC/N, kp=44%, d31= 182 
pC/N, k31=23%, and d33=580 pC/N, kp=49%, d31= 204 pC/N, k31=31%, respectively. 
Furthermore, the Tc of the hot-pressed BCZT and textured BCZT ceramics 
significantly increase to 76 °C and 90 °C, respectively. These results indicate that hot 
press sintering is an effective method to improve the electrical properties of lead-free 
piezoelectric ceramics. 
 Our studies suggest that BCZT ceramics hold great promise for replacement of 
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Chapter 1 Introduction 
1.1 Motivations 
 Piezoelectricity is the ability in certain crystalline materials to develop an 
electric charge from a mechanical stress, or vice versa [1]. Based on the unique 
properties, piezoelectric materials have been utilized to fabricate various types of 
electronic devices, including piezoelectric sensors, piezoelectric actuators, 
piezoelectric transducers, and so on [2-4].  The piezoelectric devices have found a 
wide range of applications from consumer products to scientific equipment. A 
summary for the possible applications of piezoelectric devices are listed in Table 1.1. 
Table 1.1 Piezoelectric devices applications [5] 
Devices Applications 
Piezoelectric sensors Microphones, Force sensors, Strain sensors, Pressure 
sensors, Microbalances, Acceleration and Acoustic 
emission sensors... 
Piezoelectric actuators Loudspeakers, Piezoelectric motors, Acousto-optic 
modulator, Atomic force microscopes, Scanning 
tunneling microscopes, Inkjet printers, Diesel engines, 
CT, MRI scanners... 
Piezoelectric transducers Nondestructive testing, Megasonic Cleaning, Vibration 
Monitoring, Doppler Probes, Industrial & Process 
Control, Automotive engine management systems, 
Medical imaging... 
 
 For the past 50 years, lead zirconate titanate [Pb(Zr1-xTix)O3 or PZT] 
piezoelectric ceramic with a composition close to the morphotropic phase boundary 
(MPB) at about x=0.48 has dominated the commercial market because of their superior 
dielectric and piezoelectric properties [1]. However, the PZT-based piezoelectric 
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ceramics contain as high as 60 wt% of rather toxic lead oxide (PbO). As known to all, 
lead poisoning has long been considered as an environmental health hazard for its 
adverse effects on intellectual and neurological development [6]. Some typical 
symptoms and signs of lead poisoning are listed in Table 1.2. The PZT-based materials 
may cause lead hazard in several ways: the evaporation during the fabrication process 
due to its high vapor pressure; direct contact with consumers; disposal of the 
electronics waste. Due to all these concerns in human health and environment, certain 
legislation on restriction of the use of hazardous substances in electrical and electronic 
equipment [7] has been enforced. It is believed that the use of PZT in piezoelectric 
devices will be prohibited in Europe as soon as the emergence of appropriate 
substitution. It is expected that other countries (like USA and Japan) will also adopt 
similar regulations in the near future [7-12]. This has triggered intensive efforts in 
searching for valuable replacements for PZT for the past ten years. As a result, 
intensive research work on lead-free piezoelectric ceramics has been reported.  
Table 1.2 Some symptoms and signs of lead poisoning [6]. 















       
 Currently, the lead-free piezoelectric ceramics which are intensively studied 
can be divided into three types based on their structures [13]: tungsten bronze, bismuth 
layer, and perovskite. Among these three types, the materials with a perovskite 
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structure, including (K0.5Na0.5)NbO3 (KNN), (Bi0.5Na0.5)TiO3 (BNT), and BaTiO3, 
have attracted more attention than the other two types due to their superior 
piezoelectric properties [14]. Nevertheless, the piezoelectric properties and application 
range of lead-free piezoelectric materials remain less competitive than those of PZT-
based materials. The performance of the materials needs to be greatly improved before 
utilization in devices. Many attempts have been made to improve the electrical 
properties of the lead-free piezoelectric materials, including chemical modification 
[15-17], orientation configuration [18-20], and novel fabrication processes [21-23].  
 BaTiO3-based ceramics have generally been studied as dielectric materials 
rather than piezoelectric materials until Rehrig et al. [24] reported a d33 higher than 400 
pC/N in the Ba(Zr0.085Ti0.915)O3 single crystal. More recently, the discovery of a 
pseudobinary ferroelectric system Ba(Zr0.2Ti0.8)O3-x(Ba0.7Ca0.3)TiO3 [25] has once 
again stimulated the research of BaTiO3-based piezoelectric ceramics. Due to the 
excellent piezoelectric properties resulting from the development of the morphotropic 
phase boundary (MPB), the (Ba,Ca)(Zr,Ti)O3 (BCZT) system has started to attract 
attention of researchers [26-28]. However, systematical studies of the doping effects on 
the structure and electrical properties of BCZT ceramics stay limited. Moreover, the 
application of novel fabrication methods on this system, for instance, templated grain 
growth (TGG) method and hot press sintering, remain lacking. Therefore, it is 
important to systematically investigate the doping effects and the effects of different 
fabrication methods on the electrical properties of BCZT ceramics. 
1.2 The Scope of Thesis 
 The objective of the present research is to design new lead-free piezoelectric 
materials with perovskite structure suitable for high performance piezoelectric devices. 
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In particular, the novel BCZT-based lead-free piezoelectric materials were investigated 
with the effect of different dopants to improve the piezoelectric properties. Afterward, 
the chemically modified materials were fabricated with different methods, including 
templated grain growth and hot press sintering. In this study, the phase structure, 
microstructure, dielectric properties, piezoelectric properties, and ferroelectric 
properties were investigated.  
1.3 Organization of Thesis 
 The thesis is organized as follows: 
Chapter 1 mainly concentrates on the introduction to the background, the research 
motivation, and the scope of this study.  
Chapter 2 reviews the fundamentals of piezoelectricity and piezoelectric devices, the 
problems of the current piezoelectric materials (especially lead-free piezoelectric 
materials), recent development and their trend in the future.  
Chapter 3 introduces the experimental approaches which were employed in this 
research.  
Chapter 4 systematically investigates the doping effect on the chemically modified 
BCZT ceramics. 
Chapter 5 focuses on the textured BCZT ceramics fabricated by templated grain 
growth method using BaTiO3 plate-like template. 
Chapter 6 presents the preparation and characterization of BCZT ceramics prepared by 
hot press sintering. 
Chapter 7 concludes the main findings in this study and recommends the future work.
 5 
 
Chapter 2 Literature Review 
2.1 Piezoelectricity 
2.1.1 Piezoelectric Effect 
 Piezoelectricity is the ability of certain crystalline materials to convert 
mechanical energy to electrical energy and vice versa. When a stress is applied on the 
material, an electric charge is generated. This is the direct piezoelectric effect which 
was discovered by the brothers Jacques and Pierre Curie in 1880 [1]. Figure 2.1 shows 
a simple molecular model for explaining the direct piezoelectric effect. Without 
external stress, the centers of the positive and negative charges of the material coincide. 
The positive and negative charges are reciprocally cancelled, so the material represents 
electro neutrality (Fig. 2.1a). When an external stress is applied on the material, the 
separation of the positive and negative centers occurs and little dipoles are generated 
(Fig. 2.1b). The charges inside the material will mutually cancel and the positive 
charges and negative charges will accumulate in two parallel surfaces of the materials 
which is the generated electric field (Fig. 2.1c). 




Figure 2.1 Simple molecular model for explaining the piezoelectric effect: (a) 
unperturbed molecule; (b) molecule subjected to an external stress;                                  
(c) electric field generated on the material surfaces [29]. 
 
 In 1881, the converse piezoelectric effect (the production of stress and/or strain 
when an electric field is applied) was mathematically deduced from fundamental 
thermodynamic principles by Gabriel Lippmann. The Curies immediately confirmed 
the existence of the converse piezoelectric effect. Moreover, the electric charge will 
reverse its sign when the stress is changed from tensile to compressive for direct 
piezoelectric effect; while the strain will reverse its sign when the direction of electric 
field is changed for converse piezoelectric effect. Shear piezoelectric effect also exist if 
the shear mechanical stress and strain couples with the electric charge. Figure 2.2 
demonstrates the phenomena of the direct, converse, and shear piezoelectric effects.  




Figure 2.2 Schematic representation of the longitudinal direct (a), converse (b), and 
shear (c) piezoelectric effects [30] 
 
 For the direct piezoelectric effect, an applied stress creates an electric charge. 
This relationship can be formulated as follow: 
                                                      D Q A dT                                                      (2.1) 
where D is the dielectric displacement, Q is charge, A is area, d is the piezoelectric 
charge constant expressed in C/N, and T is stress. 
Chapter 2 Literature Review 
8 
 
 For the converse piezoelectric effect, an applied field produces a proportional 
strain. This relationship can be formulated as follow: 
                                                           S dE                                                            (2.2) 
where S is strain, d is the piezoelectric charge constant expressed in m/V, and E is the 
electric field. 
 Since the D and E are the first-rank tensor or vector, T and S are the second-
rank tensor; the piezoelectric charge constant d will be a third-rank tensor. The 
piezoelectric equations may be written in the following form (i, j, k=1, 2, 3): 
                                                                                                                  (2.3) 
                                                                                                                  (2.4) 
 Therefore, the piezoelectric constant is a third-rank tensor which has 27 
components. However, not all the tensor components are independent, the crystal 
symmetry and the choice of reference reduce the number of independent components. 
Generally, both direct and converse piezoelectric effects are expressed using the 
reduced matrix notation kmd . The first subscript k indicates the direction of generated 
electric displacement D or the applied electric field E. The second subscript m denotes 
the direction of the applied stress T or the induced strain S, respectively. As shown in 
Figure 2.3, k=1, 2, 3 represent the component of electric displacement D or field E in 
the Cartesian reference frame (x1, x2, x3); m = 1, 2, 3 denote the normal stresses or 
normal strains along the x1, x2, and x3 axes, respectively, whereas m = 4, 5, 6 indicate 
the shear stresses S23, S13, and S12 or shear strains T23, T13, and T12. 
k kij ijD d T
ij kij kS d E




Figure 2.3 Reference axes [31]. 
 
 Another frequently used piezoelectric constant is g which gives the field 
created by a stress. The g constant is related to the d constant by the permittivity. 
                                                           
0' rg d d                                               (2.5) 
where g [mV/N] is the piezoelectric voltage constant, d is the piezoelectric charge 
constant, '  is the permittivity of material, r  is the dielectric constant, and 0  is the 
permittivity of free space (8.85×10
-12
 F/m). 
 The electromechanical coupling factor k is probably the best single 
measurement of the strength of a piezoelectric effect. When an electric field is applied, 
it measures the fraction of the electrical energy converted to mechanical energy, or 
vice versa when a stress is applied.  
                             2
electrical energy converted to mechanical energy
input electrical energy
k                 (2.6) 
or 
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                  2
mechanical energy converted to electrical energy
input mechanical energy
k                 (2.7) 
 
2.1.2 Crystal Symmetry 
 Structural symmetry of a crystal depends on its lattice structure. According to 
the symmetry of unit cells, there are 32 crystal classes (point groups) in all the crystals, 
which are distinct combinations of macroscopically detectable symmetry elements in 
crystals. Structure symmetry of a crystal affects both structural and physical properties 
of the crystal, such as dielectric, elastic, piezoelectric, ferroelectric, and nonlinear 
optical properties, etc. [32]. The 32-point groups can be further classified into crystals 
having a center of symmetry and crystals which do not possess a center of symmetry. 
The 32-point groups and their associated crystal structure are listed in Table 2.1. 
Table 2.1 Classification of crystal point groups [30] 
Crystal Structure Point Groups Centro-Symmetry Non-Centro-
Symmetry 
Triclinic 1,1 1 1 
Monoclinic 2, m, 2/m 2/m 2, m 
Orthorhombic 222, mm2, mmm mmm 222, mm2 
Tetragonal 4, 4, 4/m, 422, 
4mm, 42m,  
(4/m)mm 
4/m, (4/m)mm 4, 4, 422, 4mm, 
42m 
Trigonal 3, 3, 32, 3m, 3m 3, 3m 3, 32, 3m 
Hexagonal 6, 6, 6/m, 622, 
6mm, 6m2,  
(6/m)mm 
6/m, (6/m)mm 6, 6, 622, 6mm, 
6m2 
Cubic 23, m3, 432, 43m, 
m3m 
M3, m3m 23, 43m 
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 Based on the above discussion, all components of the piezoelectric tensor 
should vanish in crystals with center of symmetry. The eleven Crystals with a center of 
symmetry do not show polarity. The remaining 21 point groups do not have a center of 
symmetry. A crystal having no center of symmetry possesses one or more 
crystallographically unique directional axes. All non-centrosymmetric point groups, 
except the point group 432, show piezoelectric effect along unique directional axes. 
Because the point group 432 has other symmetry elements whose combination can 
exclude piezoelectric activity. Among the twenty point groups which show the 
piezoelectric effect, ten point groups (including 1, 2, m, mm2, 4, 4mm, 3, 3m, 6, and 
6mm) have only one unique direction axis. Such crystals are called polar crystals as 
they show spontaneous polarization. Those crystals exhibit pyroelectric effect which is 
the production of a voltage due to changes in temperature. The direction of 
spontaneous polarization of most pyroelectric crystal can be reversed by an external 
electric field. Such crystals are called ferroelectric crystals. 
2.1.3 Curie Point and Phase Transition 
 Curie point in piezoelectrics is the temperature of phase transition between 
paraelectric phase and ferroelectric phase [1, 32]. At this temperature, a piezoelectric 
ceramic will lose its polarized state. Therefore, piezoelectric devices should work 
under its Curie point. Figure 2.4 shows the phase transition of BaTiO3 crystal with 
temperature increasing though Curie point. Below the Curie point, the structure is 
tetragonal. The center of negative charge (O
2-





 ions). Thereby, a dipole or spontaneous polarization is 
created in the crystal. When the temperature increases through the Curie point, the 
crystal undergoes a structural phase transition from ferroelectric phase to paraelectric 
phase. The crystal structure changes from tetragonal to cubic. The cations Ba
2+
 and 





 displace relative to the anion O
2-
, and the centers of positive and negative charges 
coincide. Therefore, the dipole disappears and the material loses its piezoelectricity.  
 
Figure 2.4 Crystal structure of BaTiO3 (a) below the Curie point the structure is 
tetragonal; (b) above the Curie point the structure is cubic. 
 
2.2 Piezoelectric Devices 
2.2.1 Piezoelectric Sensors 
 Piezoelectric sensors make use of the direct piezoelectric effect. Depending on 
the way a piezoelectric material is cut, three main types of operation principle of 
piezoelectric sensors can be distinguished: transversal mode, longitudinal mode, and 
shear mode. The advantages of piezoelectric sensors include small size, light weight, 
wide dynamic range, wide temperature range, broad frequency range, ultra-low noise, 
simple signal conditioning, cost effective test implementation, and so on [33]. The 
piezoelectric sensors can not only measure dynamic physical quantities, but also static 
physical quantities. Thanks to the merits of piezoelectric sensor, it has been 
successfully utilized in various applications, such as quality assurance, process control, 
medical, aerospace, nuclear instrumentation, automotive industry, and so on.  
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 Based on piezoelectric technology, various physical dimensions can be 
measured, for instance, force, pressure, strain, and acceleration. The most important 
types include pressure sensor and acceleration sensor. Figure 2.5 shows the schematic 
configurations of these two sensors in the transverse configuration. In both designs, the 
piezoelectric elements are thin cuboids which are loaded along their longest extension. 
For pressure sensors, a thin membrane with known dimensions and a massive base is 
used; assuring that an applied pressure specifically loads the elements in one direction. 
For acceleration sensor, a seismic mass is attached to the crystal elements. When the 
acceleration sensor experiences a motion, the invariant seismic mass loads the 
elements according to Newton’s second law of motion F=ma [34]. 
 
Figure 2.5 Schematic sensor design for pressure (a), and acceleration sensors (b) [33]. 
 
 
Chapter 2 Literature Review 
14 
 
2.2.2 Piezoelectric Actuators 
 The piezoelectric actuator is a device that makes use of the inverse 
piezoelectric effect. Piezoelectric actuators can be generally characterized by the 
piezoelectric coefficients that they exploit (namely d33, d31, and d15). Piezoelectric 
actuators have many advantages. Firstly, the piezoelectric actuators achieve 
displacement by directly applying deformation of a solid, and thus feature a higher 
displacement accuracy, larger generation force and higher response speed than the 
other types of actuators. These advantages have resulted in the piezoelectric actuators 
being applied mainly in industrial equipment requiring precision position control, such 
as the ultrafine-movement stage of semiconductor exposure systems, precision 
positioning probes, and probes for scanning tunnel microscopy (STM) and atomic 
force microscopy (AFM). In addition, other advantages including the non-necessity of 
a driving coil, ease of implementation of small devices, high energy conversion 
efficiency and low power consumption have recently led to application in consumer 
equipment such as digital cameras and cellular phone terminals.  
 The three main piezoelectric actuator designs are the cylindrical actuator, the 
bimorph (and unimorph) actuator, and the multilayer actuator, as shown in Figure 2.6.  




Figure 2.6 (a) Cylindrical piezoelectric actuator [35]; (b) Bimorph piezoelectric 
actuator; (c) Multilayer piezoelectric actuator [36]. 
 
2.2.3 Piezoelectric Transducers 
 Piezoelectric transducer is a device which converts electrical signals to 
mechanical vibrations (transmit mode, act as a piezoelectric actuator), and converts 
mechanical vibrations to electrical signals (receive mode, act as a piezoelectric sensor). 
The most important application is the ultrasonic system for medical imaging and non-
destructive testing. Figure 2.7 illustrates the general principle of ultrasonic testing 
system with a piezoelectric transducer. A pulser/receiver is a device which can 
generate high voltage electrical pulses. The transducer will convert this pulse to high 
frequency sound energy. The ultrasonic energy will propagate through the material in 
the form of waves. Part of the waves will be reflected by the crack and back surface. 
Chapter 2 Literature Review 
16 
 
The reflected sound energy will be converted to electrical energy by the transducer, 
and displayed on the screen, thus the information about the crack can be obtained.  
 
Figure 2.7 Ultrasonic testing system with piezoelectric transducer [37]. 
 
2.3 Lead-free Piezoelectric Ceramics 
 The lead-free piezoelectric ceramics which are most widely studied can be 
categorized into three types according to their structures: tungsten bronze, bismuth 
layer, and perovskite structures [13]. The typical piezoelectric material with tungsten 
bronze structure is PbNb2O6 [38]. The two most important piezoelectric materials with 
bismuth layered structure are Bi4Ti3O12 [39] and PbBi2Nb2O9 [40]. The most widely 
studied piezoelectric materials with perovskite structure include (K0.5Na0.5)NbO3 
(KNN) [1], (Bi0.5Na0.5)TiO3 (BNT) [13], and BaTiO3 [32]. Figure 2.8 shows these 
three types of structures.  




Figure 2.8 (a) tungsten bronze structure [41]; (b) bismuth layered structure;                    
(c) perovskite structure. 
 
 The piezoelectric ceramics with tungsten bronze and bismuth layered structure 
possess high Curie temperature (Tc), large dielectric breakdown strength, high 
mechanical quality factor (Qm), and good aging characteristics [7], making them to be 
suitable lead-free candidate materials for ceramic filters and resonators applications. 
However, they possess poor dielectric permittivity and piezoelectric properties which 
may be due to the large crystal anisotropy of their structure. The tungsten bronze 
structure is typified by oxygen octahedral linked together at their corners in a complex 
way to yield three types of openings. The bismuth layered structure consists of layers 
of perovskite separated from each other by Bi2O2
2+
 layers [1]. Therefore, such a large 
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crystallographic anisotropy makes the spontaneous polarization allowable to rotate 
only in two-dimensional orientations. Conversely, lead-free piezoelectric materials 
with a perovskite structure exhibit good piezoelectric properties since the structure 
allows rotations of spontaneous polarization along three-dimensional orientations, i.e. 
x, y, and z directions [14]. Therefore, the search for lead-free substitutions for 
piezoelectric applications is focused on materials with a perovskite structure. The 
following section will review the three main lead-free piezoelectric materials with 
perovskite structure, including (K0.5Na0.5)NbO3 (KNN), (Bi0.5Na0.5)TiO3 (BNT), and 
BaTiO3. 
2.3.1 (K0.5Na0.5)NbO3-based Ceramics 
 Potassium sodium niobate, (K0.5Na0.5)NbO3 (KNN) possesses very high Curie 
temperature (Tc=420°C), high remanent polarization (Pr=33μC/cm
2
), large 
electromechanical coupling factors (kp=0.29), and large piezoelectric constants 
(d33=80pC/N) for air-fired samples [1]. Since the breakthrough made by Saito et al. 
[42], KNN based piezoelectric materials have drawn increasing attention. In order to 
further improve the piezoelectric properties of KNN based ceramics, two main 
strategies, including inducing structural instabilities and improving sinterability, have 
been used. 
 The first main strategy to improve the piezoelectric properties of KNN based 
ceramics is to induce structural instabilities by forming a morphotropic phase 
boundary (MPB) region or by shifting the orthorhombic to tetragonal phase transition 
temperature to near or below room temperature. In most of the modiﬁed KNN 
compositions presently investigated, the enhanced piezoelectric properties are 
accompanied by the occurrence of an orthorhombic-tetragonal polymorphic phase 
transition (PPT) around room temperature [43]. Among all chemically modified KNN 
Chapter 2 Literature Review 
19 
 
piezoelectric materials, the (Li, Ta, Sb) modified KNN system has been most widely 
studied [44-46], which shows a d33 value about 300 pC/N. However, the high price of 
tantalum and the high toxicity of antimony limit the application of this material in 
industry which needs large demand. 
 The second main strategy to improve the piezoelectric properties of KNN based 
ceramics is to improve the densification of the samples by adding sintering aid. KNN 
ceramics are difficult to obtain full densities by conventional solid-state route. One 
reason is that the phase stability is limited to 1,140 °C for potassium sodium niobate 
[47]. High temperature sintering is therefore not possible. Another reason is the nature 
of the raw materials: the volatility of alkali elements and the hygroscopicity of alkaline 
carbonates [48]. Slight deviation in stochiometry will lead to the formation of 
secondary phases thus deteriorate the properties. Some sintering aids such as CuO [49], 
MnO2 [50], ZnO [51], and K5.4CuTa10O29 [52], have been used to overcome the 
problem of poor sintering of KNN. Hot pressing [23] and spark plasma sintering (SPS) 
[53] have also been used to get dense KNN samples.  
2.3.2 (Bi0.5Na0.5)TiO3-based Ceramics 
 Bismuth sodium titanate, (Bi0.5Na0.5)TiO3 (BNT) exhibits strong ferroelectric 
properties with a large remanent polarization Pr=38μC/cm
2
, and high Curie 
temperature, Tc=320 °C [37]. Thus  BNT  is  considered  to  be  a  promising candidate  
for  lead-free  piezoelectric  ceramics  with  balanced ferroelectric properties. However, 
the main drawback of this material is its high conductivity, consequently giving 
problems in the poling process. The BNT ceramic needs to sinter at a relatively high 
temperature more than 1,200 °C to obtain the dense body. It is thought that a 
vaporization of Bi ions occurs during the sintering process at a temperature higher than 
1,200 °C, resulting in the poor poling treatment due to the low resistivity. 
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 Currently, BNT-based solid solutions which can be polarized more easily have 
been studied [20, 54-56]. Large piezoelectricity is expected in the BNT-based solid 
solution systems with a morphotropic phase boundary (MPB). Two solid solution 
systems, (Bi0.5Na0.5)TiO3–BaTiO3 (BNBT) and (Bi0.5Na0.5)TiO3–(Bi0.5K0.5)TiO3 
(BNKT) have  been developed by Takenaka et al. [57] and Sasaki et al. [58], 
respectively. Other modifications were based on these two solid solutions.  
2.3.3 BaTiO3-based Ceramics  
 Barium titanate, BaTiO3 (BT), is the first polycrystalline piezoelectric ceramic 
with perovskite structure. It has a rather high electromechanical coupling factor 
(k33=0.5) and relatively high piezoelectric constant (d33=190 pC/N) [9, 10]. Moreover, 
it can be easily fabricated by various ceramic techniques. Nevertheless, its inherently 
low Curie point (Tc=120 °C) and occurrence of numerous polymorphic phase 
transitions limit its applications by narrowing the working temperature range of the 
ceramics. The variation of the lattice parameters of BaTiO3 with temperature is shown 
in Figure 2.9. Barium titanate has a paraelectric phase with cubic symmetry (point 
group m3m) when the temperature is above 120 °C. When the temperature is between 
120 °C and 0 °C, it has a ferroelectric phase with tetragonal symmetry (point group 
4mm). As the temperature is below 0 °C, a new phase with orthorhombic symmetry 
(point group mm2) becomes stable. At -90 °C, the lattice symmetry changes from 
orthorhombic to rhombohedral (point group 3m) [32].  




Figure 2.9 Temperature dependence of the cell parameters of BaTiO3 [32]. 
 
 In the previous research, BT is often used to form solid solutions with other 
lead-free compounds to create an MPB which can improve the piezoelectric and 
dielectric properties [16, 59, 60]. However, interests in BT-based solid solutions have 
been renewed due to the work of Rehrig et al. [24] reporting a d33 higher than 400 
pC/N in the Ba(Zr0.085Ti0.915)O3 single crystal. The subsequent studies in Ba(Zr,Ti)O3 
ceramics [17, 61-63] also achieved promising results. Furthermore, more recent 
research has proposed an outstanding BT-based system, a pseudobinary ferroelectric 
system Ba(Zr0.2Ti0.8)O3-x(Ba0.7Ca0.3)TiO3 discovered by Ren et al. [25]. Since then, 
researchers have started to focus on (Ba,Ca)(Zr,Ti)O3 system [26, 28, 64, 65]. 
Meanwhile, surprisingly high d33 was also reported in recent years for BaTiO3-based 
ceramics that were prepared by some special fabrication techniques such as microwave 
sintering [21], two-step sintering [66] and template grain growth [18, 67, 68]. These 
exciting results indicate that BaTiO3-based ceramics have a high potential to become 
excellent lead-free piezoelectric materials. 
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2.4 Piezoelectric Ceramics Fabrication and Characterization 
2.4.1 Piezoelectric Ceramics Fabrication 
 The conventional process of piezoelectric ceramics is shown in Figure 2.10. 
The starting materials are weighed according to the stoichiometric formula of the 
ceramics with a desirable composition. Generally, the purer the starting materials, the 
easier it is to control the quality of the ceramics. Ball-milling process is utilized to 
obtain fine and homogeneous powders which allow complete solid state reaction 
through atomic diffusion in the calcination and sintering processes.  After remixing 
and remilling, the mixture is usually pressed into pellets. Sometimes, binder is added 
to facilitate shaping. After burn-out of binder, the compacts are sintered to ceramics. 
The ceramics are then ground, polished, and coated with conducting electrodes. The 
ceramics are finally poled to activate piezoelectricity. 
 
Figure 2.10 Conventional fabrication process of piezoelectric ceramics. 
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 Poling is an important process to create piezoelectricity in piezoelectric 
ceramics. Before poling, the ceramics have no piezoelectric properties because of the 
random orientations of ferroelectric domains in the polycrystalline materials. During 
poling, a high DC electric field is applied on the ceramic to force the ferroelectric 
domains to reorient. After poling, a remanent polarization and remanent strain are 
retained in the ceramic, and the piezoelectricity is activated. The process of poling is 
shown in Figure 2.11. 
 
Figure 2.11 Schematic drawing of the poling process for piezoelectric ceramics. 
 
 The piezoelectric ceramics are often modified by element substitution and 
doping. For element substitution, the cations in a perovskite lattice are replaced 
partially by other cations with the same chemical valence and similar ionic radii. Using 
element substitution, the properties of the piezoelectric ceramic are changed, while the 
perovskite structure is maintained. In addition, the lattice symmetry may change due to 
the lattice distortion caused by the different radii between the two elements, which 
produce a MPB region, thus improve the piezoelectric properties. For doping, the 
cations are replaced by other cations with different chemical valence. Doping can be 
categorized into two groups: soft doping and hard doping. Soft doping uses ions with 
higher valence to replace the original ions which create cation vacancies. As a 
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consequence, dielectric constants, kp and the bulk resistivity can be increased, while 
the coercive field, Qm will be reduced [32]. On the other hand, hard doping introduces 
lower valence ions which create oxygen vacancy. The hard doped piezoelectric 
ceramics possess lower dielectric constant, lower dielectric loss, higher coercive field, 
higher Qm, lower kp, and lower bulk resistivity. 
2.4.2 Templated Grain Growth (TGG) 
 The physical properties of sintered ceramics are determined not only by the 
composition but also by microstructure, since many physical properties are tensors and 
depend on the measurement direction with respect to the crystal axes [4]. The 
application of texture engineering is to optimize the microstructure of ceramics. 
Theoretically speaking, single crystals generally possess better performance than those 
of their counterparts of bulk or thin-film forms. However, the high cost is the main 
reason to limit its application. The textured ceramics could possess single crystal-like 
properties with lower cost. Therefore, texture engineering has attracted much attention 
in searching high performance lead-free piezoelectric materials. 
 Templated grain growth (TGG) method is an effective technique to develop 
highly textured ceramics. Figure 2.12 shows the process of preparing textured ceramics 
with TGG method. The equiaxed and anisometric particles are mixed and milled to 
form slurry. The slurry is employed to perform tape casting with a doctor blade system. 
The particles alignment in the green sheet is caused by the shear stresses between the 
template and matrix particles [69], which leads to the mutually parallel alignment of 
the template particles in the matrix particles. After drying and cutting to shape, the 
tape-casted sheets were laminated to form green compacts with desired dimensions. 
Finally, the green compacts undergo a burn-out process of organic additive and a 
sintering process to form textured ceramics.  




Figure 2.12 Schematics of templated grain growth (TGG) method [70]. 
 
2.4.3 X-Ray Diffraction (XRD) 
 X-ray diffraction (XRD) is a versatile, non-destructive technique that reveals 
detailed information about the chemical composition and crystallographic structure of 
materials. A crystal lattice is a regular three-dimensional distribution of atoms in space. 
The atoms are arranged so that they form a series of parallel planes separated from one 
another by a distance d, which varies according to the nature of the material. When a 
monochromatic X-ray beam with wavelength λ is projected onto a crystalline material 
at an angle θ, diffraction occurs only when the distance traveled by the rays reflected 
from successive planes differs by a complete number n of wavelengths. This 
relationship is expressed by Bragg’s law: 
                                                       2 sinn d                                                          (2.8) 
where n is the order of reflection, which may be any integer consistent with sinθ not 
exceeding unity; λ is the wavelength of X-ray beam; d is the distance between two 
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adjacent and parallel planes of atoms; θ is the incident angle. Figure 2.13 illustrates the 
Bragg’s law. 
 
Figure 2.13 Schematic illustration of Bragg’s law [71]. 
 
 By varying the angle θ, the Bragg's Law conditions are satisfied by different d-
spacings in polycrystalline materials. Plotting the angular positions and intensities of 
the resultant diffracted peaks of radiation produces a XRD pattern. Based on the XRD 
pattern, structural, physical and chemical information about the material can be 
obtained. 
2.4.4 Field Emission Scanning Electron Microscope (FE-SEM) 
 A field emission scanning electron microscope is usually employed to 
investigate the surface morphology of materials due to its high resolution. Under 
vacuum, electrons generated by a field emission source are accelerated in a field 
gradient. The beam passes through electromagnetic lenses, focusing onto the specimen. 
As result of this bombardment, different types of electrons are emitted from the 
specimen. A detector catches the secondary electrons and an image of the sample 
surface is constructed by comparing the intensity of these secondary electrons to the 
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scanning primary electron beam. Finally the image is displayed on a monitor. Figure 
2.14 shows the principle of FE-SEM.  
 
Figure 2.14 FE-SEM principle [72]. 
 
2.4.5 Degree of Orientation 
 The Lotgering method [73] is most often used to evaluate the degree of 
orientation in textured ceramics. This method makes use of the relative peak heights in 
the XRD pattern. For example, the <001>-texture fraction can be determined as follow: 












                                                    (2.9) 
where 













                                                     (2.10) 
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                                                      (2.11) 
(00 )lI  is the summation of the XRD peak intensities of all the (00l) peaks, ( )hklI  
is the summation of the XRD peak intensities of all the (hkl) peaks, (00 )o lI  and 
( )o hklI  are the corresponding summations in a randomly oriented sample. The 
calculated f describes the degree of texture defined by the surface area characterized by 
XRD. The f factor is considered as an estimation of the volume fraction of textured 
material. 
2.4.6 Dielectric Measurement 
 The relative dielectric permittivity of a material in an alternating electric field 
can be represented by a complex form: 
                                                        ' "r r rj  
                                                         (2.12) 
where the real part 'r  represents the energy stored, the imaginary part 
"
r  represents 
the energy loss of the field in the material. The dielectric constant r  and the dielectric 
loss tan  are obtained as: 
                                                      
'2 "2
r r r                                                         (2.13) 
                                                      " 'tan r r                                                          (2.14) 
 The dielectric properties are measured with a capacitance method. The free 
relative dielectric constant, r , is calculated from the following: 








                                                          (2.15) 
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where t is the distance between the upper and bottom electrodes in meters, Cf is the 
capacitance in frads at 1 kHz, 
0 is the permittivity of free space (8.85×10
-12
 F/m), and 
A is the area of an electrode in meters
2
.  
2.4.7 Piezoelectric Measurement 
 To measure the piezoelectric charge constant d33, a static method is usually 
utilized. In the static method for measuring piezoelectric constants, the sample is not in 
a vibration state during the measurement. When a static measurement is performed, an 
external force of a certain magnitude is applied to the piezoelectric samples in a fixed 
direction; consequently, the charges accumulated at the sample’s surface owing to 
deformation of the sample by the piezoelectric effect. If the direction of the applied 
stress is in the direction of the sample’s polarization axis, only the T3 component of the 
stress exists. If the total force corresponding to the component T3 is F3, the total charge 
on the surface electrode is: 
                                                           33 3Q d F                                                         (2.16) 
Assume C is the static capacity of the piezoelectric sample having a charge Q, a 
voltage V=Q/C will be established across the two surface electrodes. Then we have: 
                                                  33 3 3d Q F CV F                                                  (2.17) 
In the experiments, the piezoelectric charge constants d33 were measured using 
a quasi-static piezoelectric coefﬁcient testing meter. The principle of a quasi-static 
method for measurement of d33 is as follows. An alternating pressure of low frequency 
(generally several Hz or a few hundred Hz) is applied on the piezoelectric sample, thus 
the generated charge of the sample can be collected. The charge of a standard 
piezoelectric sample with a certain d33 is known. By comparing the generated charges 
Chapter 2 Literature Review 
30 
 
from the sample with those from the standard, the value of d33 is calculated and 
directly displayed on the screen [32]. 
The planar mode electromechanical coupling factor kp, the mechanical quality 
factor Qm, the piezoelectric charge constant d31, and the length extensional mode 
electromechanical coupling factor k31 are determined by a resonance and anti-
resonance method. As a resonator, piezoelectric ceramic has certain characteristic 
frequencies at which it prefers to resonate. When excited at this resonant frequency, 
rf , 
the ceramic will resonate freely with a greater amplitude than at other frequencies. 
Following this resonant frequency is an anti-resonant frequency, af , where the 
impedance of the body is at a maximum and the oscillation amplitude is at a minimum. 
In order to determine the Poisson’s ratio, the resonant frequency of the first overtone 
1rf , where the impedance of the ceramics is the second minimum, should also be 
measured. A typical impedance spectrum of piezoelectric ceramics is shown in Figure 
2.15. 




Figure 2.15 Variation of impedance of piezoelectrics as a function of frequency. 
 
At resonance, a piezoelectric element may be modeled by the equivalent circuit 
as shown in Figure 2.16.  This circuit is commonly referred to as Van Dyke’s Model 
and is recommended by the IEEE Standard on Piezoelectricity [74, 75]. Below rf  and 
above af , the ceramic behaves capacitively; however between these two frequencies, 
the ceramic behaves inductively. 
 
Figure 2.16 Resonant equivalent circuit of a piezoelectric vibrator. 
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 With the resonance and anti-resonance frequencies, the Poisson’s ratio σ is first 
determined by the ratio of first overtone to fundamental resonance frequencies 1r rf f . 
Using the parameters obtained above, kp, Qm, d31 and k31 can be calculated by 
followings: 
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                                                     (2.21) 
                                                     31 31 11 0
E
rd k S                                                     (2.22) 
where rf  is resonance frequency, af  is anti-resonance frequency, Z is the impedance 
at resonance frequency, fC  is the capacitance at 1 kHz, σ is the Poisson’s ratio, η is 
coefficient determined from σ, d is the diameter of the disc sample, ρ is the density of 
the sample, 11
ES  is the elastic compliance of the sample, r  is the relative dielectric 
constant, and 0  is the permittivity of free space (8.85×10
-12
 F/m). 
2.4.8 Ferroelectric Measurement 
 Some piezoelectric ceramics are also ferroelectric ceramics. Applying a large 
alternating electric field causes the polarization to reverse, and this gives rise to the 
ferroelectric hysteresis loop, relating the polarization P to the applied electric field E. 
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A typical field-polarization loop is illustrated in Figure 2.17. At large signal, both the 
electric displacement and the polarization P are non-linear functions of the field E. 
They are related to each other through the linear equation below [76]: 
                                                       
0i i iD P E                                                        (2.23) 
where 0  is the permittivity of free space (8.85×10
-12
 F/m). For most ferroelectric 
ceramics, the second term in the equation can be neglected, thus the D-E loop and P-E 
loop become interchangeable. Two key characteristics of the P-E loop are the 
remanent polarization rP  and the coercive field cE . rP  is the value of polarization 
when the electric field is zero. cE  is the field at which the polarization is zero.  
 
Figure 2.17 A polarization vs. electric field (P-E) hysteresis loop for a typical 
ferroelectric material. 
 
 In order to obtain a P-E loop, a Sawyer-Tower [77] circuit (as shown in Figure 
2.18) is usually utilized. An AC voltage is applied to the electrode sample. The 
resulting charge stored on the sample is determined with a large reference capacitor in 
series with the sample. An electrometer is employed to detect the voltage across the 
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capacitor. By multiplying this voltage with the value of the reference capacitor, the 
charge across the sample can be obtained. Therefore, the polarization can be calculated 
by: 




                                                        (2.24) 
where C is the capacitance of the reference capacitor, V is the voltage over the 
reference capacitor, A is the area of the electrode of the sample. 
 
Figure 2.18 Sawyer-Tower circuit [78].
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Chapter 3 Experimental Procedures 
3.1 Conventional Solid State Reaction 
 In this study, a conventional solid state reaction method was employed to 
fabricate (Ba1-xCax)(Zr0.1Ti0.9)O3 (x=0, 5%, 10%, 15%, 20%) ceramics and (1-
y)(Ba0.85Ca0.15)(Zr0.1Ti0.9)O3-yLiNbO3 (y=0, 0.25%, 0.5%, 1%, 2%) ceramics. 
Commercial powders of BaCO3 (99%, Sinopharm Chemical Reagent), CaCO3 (99%, 
Sigma-Aldrich), TiO2 (99.9%, Sigma-Aldrich), ZrO2 (99%, Sigma-Aldrich), Li2CO3 
(99%, Sigma-Aldrich), and Nb2O5 (99.5%, Sinopharm Chemical Reagent) were 
selected as starting materials. The raw materials were finely weighted according to the 
stoichiometric ratio, high-energy ball-milled (SPEX SamplePrep 8000M Mixer/Mills, 
Metuchen, New Jersey, United States) in stainless steel milling jar with stainless steel 
media for 2 hrs and calcined at 1,150 °C for 6 hrs and followed by high-energy ball-
milling for another 2 hrs again after which 5 wt% of polyethylene glycol (PEG) was 
mixed into the milled powder. Finally the powder was uniaxially cold-compacted to 
pellets of 10 mm in diameter and 1.5 mm in thickness under 300 MPa pressure. The 
cold-compacted pellets were first heated at 600 °C for 1 hr to burn out the binder and 
then sintered at 1,500 °C for 6 hrs to get dense samples. 
3.2 Textured Ceramics 
 In this study, the templated grain growth (TGG) method was utilized to prepare 
textured ceramics using BaTiO3 plate-like particles as template.  A two-step molten 
salt synthesis method [68, 79-81] was adopted to synthesize the plate-like BaTiO3 
template particles. In the first step, Bi2O3 (99.9%, Sinopharm Chemical Reagent) and 
TiO2 (99.9%, Sigma-Aldrich) powders were mixed in molar ratio of 2:3 in ethanol 
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with ZrO2 media by ball-milling for 24 hrs. The dried powders were mixed with equal 
weight of NaCl-KCl (99.5%, Merck) (NaCl:KCl=1:1 mol) and ball-milled for another 
10 hrs. Then the mixture was dried and the oxides were reacted at 1,100 °C in molten 
salt for 2 hrs to form plate-like Bi4Ti3O12 precursor. The precursor was washed by hot 
deionized water at 100 °C for several times to remove the salts. In the second step, the 
Bi4Ti3O12 precursor was mixed with BaCO3 (99%, Sinopharm Chemical Reagent) in 
molar ratio of 1:10 in ethanol by a gentle magnetic stirring for 2 hrs to prevent the 
destruction of the precursor. Equal weight of NaCl-KCl was added to the mixture 
followed by another gentle stirring for 1 hr. Then the mixture was dried and the oxides 
were reacted at 1,000 °C in molten salt for 2 hrs to form plate-like BaTiO3 particles. 
The final product was washed by hot deionized water and HCl for several times to 
remove salts and unreacted oxide. The synthesized BaTiO3 particles have pure phase 
with high aspect ratio and preferred orientation of <001> which is suitable for the 
following tape casting process. 
 In advance of tape casting, homogeneous and well-distributed slurry with 
template inside was prepared. The equiaxed matrix powder (the amount of BaTiO3 
template was deducted from the BCZT matrix composition) was synthesized by ball-
milling and calcination at 1,150 °C for 6 hrs. The matrix powder was mixed with 
organic solvent (50 wt% of ethanol and 50 wt% of xylene) and dispersant (3 wt% of 
fish oil), and ball-milled for 24 hrs. Then the plasticizer (2 wt% of butyl benzyl 
phthalate and 2 wt% of polyethylene glycol) and binder (8 wt% of polyvinyl butyral) 
were added and ball-milled for 24 hrs. After the completion of the ball-milling process, 
different amounts of BaTiO3 template were added into the respective matrix powders 
to form the final slurry with a composition of (Ba0.85Ca0.15)(Zr0.1Ti0.9)O3, followed by a 
gentle mixing. The final slurry with template inside was then tape-casted to obtain 
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green sheets with a doctor blade method. The blade height is around 150 μm, the shear 
rate is around 350 s
-1
, and the velocity of the blade is around 50 mm/s. The green 
sheets were dried, cut, laminated, and cold-uniaxially pressed to form green compacts. 
After binder burn-out, samples were sintered at 1,500 °C for 6 hrs to form textured 
ceramics.  
3.3 Hot Press Sintering 
 Hot press sintering was applied in this study to facilitate the densification of the 
ceramic samples. The green compacts prepared by a conventional method and TGG 
method were placed in a graphite die with 10 mm in diameter which was coated with 
boron nitride to prevent the adhesion of the sample and die at high temperature. The 
hot press sintering was performed in a front loading hot press furnace (MRF 3852, 
United States) under argon atmosphere. The samples were initially heated at 600 °C 
for 1 hr to remove the organic additives, and then heated at 1,000 °C for 1 hr under 40 
MPa pressure. Because of the inert atmosphere and the contact with graphite, the 
samples would be black after hot press sintering; however, the samples would regain 
their original colors after an annealing process at high temperature in air.  
3.4 Ceramics Characterization 
 Except for the fabrication process, the characterization procedures for all the 
ceramics (randomly-oriented, textured, and hot-pressed ceramics) are similar. The 
densities of the sintered specimens were measured by the Archimedes method. The 
crystal structures of the ceramics were examined by X-ray diffractometer (XRD) with 
CuKα radiation (Shimadzu XRD-600, Kyoto, Japan) and the grain microstructures 
were observed by a field emission scanning microscope (FE-SEM) (Hitachi S-4100, 
Osaka, Japan). For the textured samples, the <001>-texture fraction (00 )lf was 
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calculated by Lotgering method [73] using the XRD peaks; the morphology of the 
cross sections of the textured samples was examined by FE-SEM after polishing and 
thermal etching at 1,300 °C for 1 hr.  
 To characterize the electrical properties, the specimens were ground and 
polished to obtain parallel and shiny surfaces, and gold electrodes were sputtered on 
both upper and bottom surfaces. The temperature dependence of the dielectric constant 
of the ceramics was studied at a temperature range of 30-150 °C in an environmental 
test chamber (Delta 9023, Delta Design, California, United States) under different 
frequencies using a precision impedance analyzer (6500B, Wayne Kerr, London, 
England). In order to investigate the piezoelectric properties, the samples were poled 
by using a DC power supply (Matsusada Precision, Inc., Japan) at 3 kV/mm at room 
temperature in silicon oil for 30 min. All the samples were aged for 1 day before 
testing. The piezoelectric constant, d33, was measured using a Berlincourt-type d33 
meter (YE2730A, Sinocera Piezotronics, Jiangsu, China). The piezoelectric properties 
kp, d31, k31, and Qm were determined by a resonance and anti-resonance method based 
on IEEE standards [75] using a precision impedance analyzer (6500B, Wayne Kerr, 
London, England). The polarization-electric ﬁeld (P-E) hysteresis loop was measured 





Chapter 4 Doping Effect on (Ba,Ca)(Zr,Ti)O3 Ceramics 
4.1 Ca-Substituted Ba(Zr,Ti)O3 Ceramics 
4.1.1 Introduction 
 It is well known that doping (or substitution) is the most important and 
effective strategy to improve the performance of the piezoelectric ceramics. In general, 
the elements in the same group are preferentially selected due to their similar atomic 
structure and properties, such as the Zr doping in Pb(Zr0.5Ti0.5)O3, the Na doping in 
(K0.5Na0.5)NbO3, and the K doping in Bi0.5(Na,K)0.5TiO3. The Zr doping in 
Ba(Zr0.085Ti0.915)O3 single crystal also achieved good results [24]. Furthermore, Ca was 
doped in Ba(Zr,Ti)O3 to form a (Ba,Ca)(Zr,Ti)O3 system with a piezoelectric constant 
d33 ranged from 200 to 600 pC/N [25-28, 82].  
It is reported that the piezoelectric constants of BaTiO3 in orthorhombic and 
rhombohedral phases are higher than that in tetragonal phase. The additive of Zr is 
possible to stabilize either orthorhombic or rhombohedral phase at room temperature 
[24]. Moreover, ferroelectric realxors have received extensive studies due to their giant 
electromechanical response. The Zr substitution also induces a relaxor-like behavior in 
BaTiO3. Ba(Zr0.1Ti0.9)O3 has been selected as target material since it has a 
rhombohedral structure with good piezoelectric properties and relaxor-like behavior. 
Introducing Ca may cause an MPB between rhombohedral phase and other phase, 
which will improve the electrical properties. Additionally, the relaxor-like nature may 
also contribute to the enhancement. Therefore, it is of great importance to 
systematically investigate the effect of Ca substitution on the structure and electrical 
properties of Ba(Zr0.1Ti0.9)O3 (BZT) ceramics. In this section, the effect of Ca 





substitution on the phase structure, microstructure, and piezoelectric properties of BZT 
ceramics is presented. 
4.1.2 Phase Structure 
 The substitution elements should have the same chemical valence and similar 
ionic radii as those of the original ions. The substitution of element with the same 
valence maintains the electroneutrality of the ceramics. In order to form solid solution 
or to avoid the formation of a new second phase, the difference in ionic radii between 
the two ions should be less than 15%. The basic parameters of the elements in BCZT 
ceramics are given in Table 4.1. The radii mismatch of Ca
2+







 are 15%, 65% and 39%, respectively. Thus Ca
2+
 may prefer to substitute Ba
2+
 due 
to the valence and ionic radius. 
Table 4.1 Some basic parameters of the elements of BCZT ceramics [83]. 
Element Valence Radius (Å) 
Ba +2 1.61 (CN=12) 
Ti +4 0.605 (CN=6) 
Zr +4 0.72 (CN=6) 
Ca +2 1.34 (CN=12); 1 (CN=6) 
 
 Figure 4.1 shows the XRD patterns of the as-sintered (Ba1-xCax)(Zr0.1Ti0.9)O3 
(x=0, 5%, 10%, 15%, 20%) (abbreviated hereafter as BCZT-x) ceramics sintered in air 
at 1,500 °C for 6 hrs. As revealed from Figure 4.1, all the samples are of the single 
pervoskite structure without impurity, indicating that Ca
2+
 may have entirely diffused 





. Furthermore, all the diffraction peaks shift monotonically to higher 





2θ angles with the increase of Ca content, suggesting a gradual decrease of the lattice 
parameter and a contraction of the unit cell volume of the samples, which may be 
ascribed to the smaller ionic radius of Ca
2+
 (1.34 Å, coordinate number/CN: 12) than 
that of Ba
2+
 (1.61 Å, CN: 12) [83].  
 
Figure 4.1 X-ray diffraction patterns of (Ba1-xCax)(Zr0.1Ti0.9)O3 ceramics with 0≤x≤0.2 
sintered at 1,500 °C for 6 hrs: (a) x=0, (b) x=0.05, (c) x=0.1, (d) x=0.15, and (e) x=0.2. 
  
The substitution of Ca also induced a phase transition in the BCZT system. The 
changing lattice symmetry with the increase of Ca content may be due to the distortion 




. Figure 4.2 shows XRD peak 
profile of (200) of all the samples. The crystal structure of pure Ba(Zr0.1Ti0.9)O3 
ceramic at room temperature is rhombohedral [84], which is indicated by the single 
(200) peak. With the increase in Ca content, pronounced splitting of the (002) peak 
from the (200) peak is observed, demonstrating an existence of tetragonal phase in the 





BCZT system. Additionally, the separation between (002) and (200) peaks becomes 
wider with the increase of Ca content, indicating an enhancement of tetragonality in 
the BCZT solid solutions [85]. Therefore, it can be inferred that the morphotropic 
phase boundary (MPB) between the rhombohedral and tetragonal phase may exist in 
the composition range x=0.10-0.20. 
 
Figure 4.2 Enlargement of XRD patterns from 2θ of 44° to 46° for BCZT-x ceramics 
with 0≤x≤0.2 sintered at 1,500 °C for 6 hrs: (a) x=0, (b) x=0.05, (c) x=0.1, (d) x=0.15,    
and (e) x=0.2. 
 
 The lattice parameter of the material can be determined by its XRD patterns. 
For a given lattice symmetry, the interplanar distance ( , , )h k ld  can be calculated by the 
following equation [86, 87]: 
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(4.1) 





where a, b, c, α, β, γ are the lattice parameters of the crystal; H, K, and L are indices of 
crystallographic plane. For tetragonal phase, the interplanar distance ( , , )h k ld  is 
expressed as: 
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By introducing the Bragg’s law, 2 sinn d   (for Cu target, λ is 1.5406 Å), the 
lattice parameters a and c can be calculated according to the peaks positions of the 
XRD patterns. Table 4.2 gives the lattice parameters of the BCZT-x ceramics. The 
lattice parameters a and c and the unit cell volume gradually decreased, while the 
tetrogonality (c/a) slightly increased with the increase of Ca content. The difference of 
a and c also increased with increasing Ca content. The calculation results are 
consistent with the observation from XRD. 
Table 4.2 Lattice parameters of BCZT-x ceramics. 
 a (Å) c (Å) V (Å
3
) c/a 
BCZT-5% 4.0137 4.0320 64.95 1.00455 
BCZT-10% 4.0102 4.0288 64.79 1.00464 
BCZT-15% 3.9990 4.0209 64.30 1.00548 
BCZT-20% 3.9917 4.0147 63.97 1.00576 
 
4.1.3 Microstructure 
 Figure 4.3 shows the variation of the bulk densities and relative densities of 
BCZT-x (x=0-0.20) ceramics sintered at 1,500 °C for 6 hrs. All samples were well 
sintered with a relative density higher than 90%. The relative density increases 
significantly from 90% to 95% as the Ca content increase from 0 to 0.05, and then 





remains almost unchanged. It is evident that Ca substitution can improve the 
sinterability of the BCZT ceramics. This may be attributed to the fluxing effect of Ca
2+
 
ions during the period of sintering facilitating the process of densification [32].  
 
Figure 4.3 Bulk densities and relative densities of BCZT-x ceramics as a function of 
Ca content. 
 
 Figure 4.4 shows the field emission scanning electron microscopy (FE-SEM) 
images of the surface of the BCZT-x (x=0-0.20)  ceramics at different Ca contents. 
Figure 4.4(a) shows the FESEM image of the BZT ceramics with inhomogeneous 
grains ranging from 2 to 8 μm and a few small pores. With increasing Ca content, the 
grain size increased and the grain-size distribution became more homogeneous, led to a 
significant decrease of porosity and increase of density. When Ca content reached 15 
mol%, the most homogeneous grain-size distribution with largest average grain size 
around 12 μm was obtained, as shown in Figure 4(d). With further increase in Ca 
content to 20 mol%, the average grain size decreased to 5 μm. Such decrease in grain 
size may be caused by the lattice distortion due to Ca substitution, which can act as 





nucleation site for grain growth. When the nucleation sites are excessive, the grain 
boundaries will impede each other resulted in the decrease of the grain size [88]. This 
result indicates that appropriate amount of Ca substitution can increase the grain size 
and improve the homogeneity. It is important to get the optimum microstructure of 
BCZT ceramics, since it influences various properties in piezoelectric materials [1, 32, 
89].  
 
Figure 4.4 FESEM images of the BCZT-x ceramics sintered at 1,500°C for 6 hrs:         
(a) x=0; (b) x=0.05; (c) x=0.10; (d) x=0.15; (e) x=0.20. 





4.1.4 Dielectric Properties 
 Figure 4.5 illustrates the dielectric constant, 
r , and dielectric loss, tan , of 
the BCZT-x ceramics (x=0-0.2) as a function of frequency. The 
r  of all the samples 
smoothly decreased with increasing frequency. The tan  decreased initially and then 
slightly increased at high frequency. The decrease of dielectric constant and increase of 
dielectric loss at high frequency implies that the charge carriers in the ceramics have 
not enough time to respond to the external electric field while the maximum electrical 
energy is transferred to the oscillation ions [90, 91]. All the tan  in the full frequency 
range are lower than 0.02, however, the tan  of poled BCZT-20mol% ceramic 
increases to 0.06, which may suggest more defects and distortion in this ceramic. 
Furthermore, the r  of unpoled ceramics are higher than that of poled ceramics in all 
samples except BCZT-15mol% ceramics. This may be explained by the mechanism of 
domain wall motion [92]. The dielectric constant after poling is affected by the domain 
structure. When most 90º domains rotate back to their original state, the dielectric 
constant in poled ceramics is higher than that in unpoled ceramics due to the removal 
of domain clamping in 180º domain [93]. If the remaining 90º domains are not 
negligible, the dielectric constant after poling becomes smaller than that before poling, 
due to the anisotropic effect caused by 90º switching [92]. In BCZT-15mol% ceramics, 
the mobility of the domain wall is increased by the formation of MPB and large grain 
size. Therefore, the motion of 90º domain increases and the remaining rotated 90º 
domains reduce, resulting in a higher dielectric constant after poling. On the contrary, 
in other ceramics, opposite results will be obtained since the composition of the 
ceramics deviates from MPB and the grain size reduces.  






Figure 4.5 Dielectric constant and dielectric loss of BCZT-x ceramics measured at 
room temperature as a function of frequency. 
  
 Figure 4.6 shows the composition dependence of dielectric properties for 
BCZT-x ceramics (x=0-20 mol%) under 1 kHz at room temperature. It is found that the 
r  and tan  both increased with increasing the Ca content to a maximum value at 
x=15 mol%, and then decreased with continuously increasing Ca content. The r  
increased from around 2,100 at x=0 to a maximum of 5,800 at x=15 mol%, and then 
decreased to 4,300 at x= 20 mol%; the tan  increased from 0.56% at x=0 to a 
maximum of 1.01% at x=15 mol% and then decreased to 0.81% at x=20 mol%. The 
maximum r   is often obtained around the morphortropic phase boundary (MPB) 
composition in both lead-based systems [1, 32] and lead-free systems [58, 60], due to 
the enhanced mobility of the domain and domain walls [1, 94, 95]. In addition, the 
large grain size at the MPB composition also contributes to the increased dielectric 





constant, because the domain walls are easier to move in large grains [89, 92]. The 
grain boundary will act as pinning points for domain walls, so the domain wall motion 
is reduced when the grain size is small. On the other hand, due to the internal friction 
in the ceramics, more switching or domain wall motion will increase the dielectric loss. 
Therefore, the anomaly of the relative dielectric constant in BCZT-x system may 
suggest the existence of an MPB between rhombohedral phase and tetragonal phase at 
about x=0.15.  
 
Figure 4.6 Variation in the relative dielectric constant r  and the dielectric loss tan  
as a function of Ca content at 1 kHz under room temperature. 
 
 When the temperature is near the Curie point Tc, the dielectric properties of a 
ferroelectric crystal show anomalies and the structure of the crystal changes. Therefore, 
the dielectric anomaly corresponds to the Curie point [32]. For relaxor ferroelectrics, 
the dielectric peak becomes diffuse and no obvious Tc is observed. The temperature at 





the dielectric constant maxima Tm will shift to higher temperature with increasing 
frequency. Figure 4.7 shows the temperature dependences of the dielectric constant of 
BCZT-x (x=0-0.2) ceramics at different frequencies (100-100 kHz). Only one 
dielectric constant peak was observed in all the samples for each frequency, which 
represents the phase transition temperature. All the samples reached their dielectric 
constant maxima at same temperature at different frequencies, indicating that the 
BCZT ceramics have a weak frequency dispersion of dielectric constant. In addition, 
the dielectric constant curve slightly became lower with increasing frequency, which is 
consistent with the results from Figure 4.5.  However, the temperature dependences of 
the dielectric constant of BCZT ceramics represent a relaxor-like behavior [96, 97]. 
First, the samples showed a broader dielectric maximum with increasing Ca content 
which may suggest a diffuse phase transition [98, 99]. Another indication of the 
relaxor-like behavior is the merging of the dielectric constant curves at different 
frequencies at high temperature [100, 101]. More detailed investigation of the relaxor 
behavior of BCZT ceramics will be described in the following. 






Figure 4.7 Temperature dependence of dielectric constant for the BCZT-x (x=0-0.2) 
ceramics at different frequencies: (a) 0; (b) 5%; (c) 10%; (d) 15%; (e) 20%. 
 
 Figure 4.8 exhibits the composition dependence of Curie point Tc of the BCZT 
ceramics. The BZT ceramic exhibited a dielectric constant maximum at 70°C 
corresponding to the rhombohedral to cubic phase transition, as shown in Figure 4.7(a). 
With increasing the content of Ca substitution, the Curie point Tc decreased gradually: 
67 °C at 5 mol%, 61 °C at 10 mol%, 60 °C at 15 mol%, and 55 °C at 20 mol%. 
According to the previous discussion about the crystal structure, the peaks for the 





ceramics with Ca substitution should correspond to the tetragonal to cubic phase 
transition. The evolution of Curie point with increasing Ca content can be ascribed to 
the different crystal symmetry for different ceramics. The Curie point is the 
representation of the stability of the deviation of the B
4+
 ion to the center of oxygen 
ions [102]. Higher Curie point means a lower free energy state; more energy will be 
required to destroy the ferroelectric state. The Ca substitution changes the crystal 
structure of the BCZT ceramics thus may change the displacement of B
4+
 ion, resulting 
in a shift of Curie point. This result shows that the Ca substitution greatly influences 
the Curie point of BCZT ceramics and the Tc of the BCZT ceramics is relatively low 
compared with other lead-free piezoelectric ceramics. In the majority cases, the 
electronic devices, such as actuators, resonators and filters, operate under ambient 
temperature ranging from -30 to 65 °C, so the BCZT ceramics can still find wide 
application in low temperature fields. However, further efforts should be made to 
increase the Curie point and broaden the working temperature range of this system. 
 
Figure 4.8 Variation of Curie point Tc of BCZT-x (x=0-0.2) ceramics as a function of 
Ca content. 





 In most ferroelectrics, the relationship between temperature and the dielectric 
constant above Curie temperature can be expressed fairly accurately with simple 
equation called the Curie-Weiss law [103]: 







                                                   (4.3) 
where   is the dielectric constant, T is the temperature, Tcw is the Curie-Weiss 
temperature, C is the Curie-Weiss constant. The Curie-Weiss constant represents the 
nature of ferroelectric transition. When C is of 10
5
 °C order, the ferroelectric to 
paraelectric transition will be a displacive transition. When C is of 10
3
 °C order, the 
transition will be more likely order-disorder transition. [104] In the BCZT system, all 
the C are of 10
5
 °C order which indicates that the high temperature paraelectric phase 
is driven by displacive transition. Figure 4.9 exhibits the plots of inverse dielectric 
constant as a function of temperature at 10 kHz for BCZT-x (x=0-0.2) ceramics. The 
symbols are the experimental data and the solid lines are fitted to the Curie-Weiss law. 
As seen from the figure, the dielectric constant deviates from the Curie-Weiss law near 
Curie temperature which proves the relaxor behavior in BCZT system. Tm represents 
the temperature at which the dielectric constant reaches its maximum. TB denotes the 
temperature at which the dielectric constant starts to obey the Curie-Weiss law. 
Therefore, the deviation from the Curie-Weiss law can be defined by the following: 
                                                       m B mT T T                                                          (4.4) 
It is observed that mT  increased with increasing the addition of Ca, suggesting an 
increase of the degree of relaxor behavior. The fitting results for mT , BT , CWT , mT , 
and C are summarized in Table 4.3. 






Figure 4.9 The plots of inverse dielectric constant as a function of temperature at 10 
kHz for BCZT-x (x=0-0.2) ceramics: (a) x=0; (b) x=0.05; (c) x=0.1; (d) x=0.15; (e) 
x=0.2. 
 
 In relaxor ferroelectrics, the relationship between temperature and the dielectric 
constant can be described by a modified Curie-Weiss law, the Uchino and Nomura 
function [105]: 












                                              (4.5) 





where  is the dielectric constant, T is the temperature, 
m  is the dielectric constant 
maximum, 
mT  is the temperature at the dielectric peak, 'C  is the Curie constant. The 
  in the equation indicates the degree of diffuseness. The value is from 1 (normal 
ferroelectrics) to 2 (complete diffuse phase transition). The plots of ln(1/ 1/ )m   
versus ln( )mT T  at 10 kHz for the BCZT-x (x=0-0.2) ceramics is shown in Figure 
4.10. A linear relationship can be obtained for all the samples. The value of   was 
determined by fitting the data with Equation 4.5. The   value increased from 1.65 at 
x=0 to 1.8 at x=20 mol%, indicating that the degree of relaxor behavior increased with 
Ca addition. All the ceramics are relaxor ferroelectrics with diffuse phase transition 
and weak frequency dispersion. The fitting results from the Curie-Weiss law are listed 
in Table 4.3. 






Figure 4.10 The plots of ln(1/ 1/ )m  as a function of ln( )mT T  at 10 kHz for the 














Table 4.3 The Curie-Weiss temperature (Tcw), the temperature where the dielectric 
constant starts to follow Curie-Weiss law (TB), the temperature at the dielectric 
constant maximum (Tm), the deviation from Curie-Weiss law ( mT ), the Curie-Weiss 
constant (C), and the degree of diffuseness (γ) for BCZT-x ceramics at 10 kHz. 
 BCZT-x 
x=0 x=0.05 x=0.1 x=0.15 x=0.2 
Tcw (°C) 73 75 72 71 56 
TB (°C) 90 94 95 99 100 
Tm (°C) 70 67 61 60 55 
mT  (°C) 20 27 34 39 45 
C (×10
5
 °C) 1.43 2.27 1.66 1.84 1.31 
γ 1.65 1.72 1.75 1.76 1.80 
 
 To date, various theory models have been proposed to explain the relaxor 
behavior [99-101, 104, 106, 107], such as compositional fluctuation and diffuse phase 
transition, the superparaelectric model, the dipole glass model, the random field model, 
the domain wall model, and the random layer model. The common point of these 
theories is based on the local distortion of the crystal structure, giving rise to the polar 




 ions, the 
Ca substitution can drive large distortion in crystal which will hinder the alignment of 
dipoles and lead to the generation of polar clusters embedded the ferroelectric matrix, 









4.1.5 Piezoelectric Properties 
 Figure 4.11 reveals the compositional dependence of piezoelectric charge 
constant d33 of the BCZT-x ceramics with 0≤x≤0.2. The d33 value increased from 130 
pC/N at x=0 to the maximum of 350 pC/N at x=15 mol%, and then suddenly decreased 
to 55 pC/N at x=20 mol%. As revealed from the composition dependence of the 
dielectric constant, the MPB should exist around x=15 mol% since the dielectric 
constant at x=15 mol% is the maximum. In general, it is easier for the polycrystalline 
ferroelectrics ceramics under Curie point to make 180° switching than to make 90° 
switching, and the spontaneous polarization in the ceramic mainly makes 180° 
switching. So the piezoelectric properties cannot be exerted entirely. However, the 
piezoelectric properties can be improved by introducing some crystal distortion which 
makes the 90° switching possible when poling. As discussed in the previous chapter, a 
morphotropic phase boundary (MPB) between rhombohedral and tetragonal phases 
exists in the range of Ca content between 10 mol% and 15 mol%. Under electric field 
or external force, the phase transition can occur, which means tetragonal phase 
transfers to rhombohedral phase or rhombohedral phase transfers to tetragonal phase. 
Because of the more possible polarization states resulting from the coexistence of two 
phases, the piezoelectrics exhibit improved piezoelectric response near MPB 
composition [26, 108, 109]. In addition, the larger grain size and more uniform grain-
size distribution in BCZT-0.15 ceramics also contribute to the improvement of the 
piezoelectric constant, since the domain rotation becomes easier for the specimens 
with large grains [3]. This result indicates that the grain size is a crucial factor 
affecting the piezoelectric properties. Furthermore, the BCZT-x ceramics have been 
suggested as relaxor ferroelectrics, and the degree of relaxor behavior increases with 
addition of Ca, as discussed in the previous section. A giant electromechanical 





response was found in ferroelectric realxors such as Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-
PT) [110, 111]. Although the origins of this effect are still unclear [112, 113], it is 
believed that both the energy expense and the required electric field to induce the 
ferroelectric polarization rotation will decrease drastically in ferroelectric relaxors 
[114], giving rise to the giant electromechanical response. Therefore, all these effects 
combine together to affect the piezoelectric properties positively and lead to a 
relatively high d33 value of 350 in the BCZT-0.15 ceramic compared with other lead-
free piezoelectric materials. When the Ca content reaches 20 mol%, the piezoelectric 
constant dramatically degenerates to 55 pC/N. The first reason is the deviation from 
MPB composition. In addition, the grain size of BCZT-0.2 ceramic is rather small, 
which means more grain boundaries will act as pinning point for domain wall motion. 









=0.72 Å), the excess Ca
2+
 ions may occupy the Zr
4+
 sites to act as hard dopant. 
Since there will be excess negative charge, in order to retain the electroneutrality of the 
crystal cells, oxygen vacancies should be generated. As the domain wall may be 
pinned by the oxygen vacancies, the piezoelectric properties would deteriorate.  




                                                    (4.6) 






Figure 4.11 Piezoelectric charge constant d33 of BCZT-x (x=0-0.2) ceramics as a 
function of Ca content. 
 
 Figure 4.12 shows the variation of other piezoelectric properties as a function 
of Ca content. As seen from Figures (a), (b) and (c), the planar electromechanical 
coefficient kp, piezoelectric charge constant d31, and length mode electromechanical 
coupling factor k31, show similar trend to that of d33. In spite of the initial slight 
decrease, the values of kp, d31 and k31 all increase with further increasing Ca, and reach 
their maxima at 15 mol% of Ca substitution, then decrease with further increase Ca to 
20 mol%, The maximum kp, d31, and k31 values are 33%, 122 pC/N, and 16%, 
respectively. This result suggests that the MPB and increased grain size are also 
responsible for the improved kp, d31, and k31. As shown in Figure (d), the elastic 
compliance factor 11




/N at 15 mol% of Ca substitution, 
indicating a softening of BCZT ceramics with addition of Ca. The softening of the 
lattice will also lead to a high piezoelectricity [115]. In contrast, the mechanical quality 
factor Qm shows a rather low value of 80 at x=15 mol% compared to 180 at x=10 mol% 
and 200 at x=20 mol%, as shown in Figure (e). The factors influence Qm include 





sintering temperature, composition, grain size, defects in the structure, and so on [53, 
116-118]. The decrease in Qm generally accompanies with the increase of kp and d33 
[119, 120].  It is believed that the low Qm at x=15 mol% should be ascribed to the 
enhanced mobility of domain walls led to the increased internal friction and energy 
loss in the ceramics. Oppositely, the oxygen vacancy in BCZT-0.2 ceramics will pin 
the domain wall, reduce the friction, and result in an improvement in BCZT ceramics. 
 
Figure 4.12 Composition dependence of other piezoelectric properties of BCZT-x 
(x=0-0.2) ceramics: (a) planar electromechanical coefficient kp, (b) piezoelectric charge 
constant d31, (c) length mode electromechanical coupling factor k31, (d) elastic 
compliance constants 11
ES , and (e) mechanical quality factor Qm. 





4.1.6 Ferroelectric Properties 
 In order to study the effect of Ca content on the ferroelectric properties, the P-E 
hysteresis loops of the BCZT-x (x=0-0.2) ceramics were measured under an electrical 
field of 40 kV/cm at room temperature. Figure 4.13(a) shows the P-E hysteresis loops 
of BCZT-x ceramics sintered at 1,500 °C for 6 h, while the variations of the remanent 
polarization Pr and coercive field Ec as a function of Ca content are shown in Figure 
4.13(b). As revealed from Figure 4.13(a), all the BCZT-x ceramics all show a well-
saturated hysteresis loop with a low coercive field, indicating a relatively soft 
ferroelectric state. The ferroelectric properties of the ceramics with x≤0.15 increased 
gradually, however, deteriorated at x=0.2. Moreover, the hysteresis loops of BCZT-x 
ceramics are much slimmer than that of other piezoelectric ceramics [121-123]. A slim 
hysteresis loop is another characteristic of relaxor ferroelectrics [124, 125], which once 
again supported the analysis of relaxor behavior in the previous section. As exhibited 
in Figure 4.13(b), the Pr gradually increased with increasing Ca and reached a 
maximum of 6.2 µC/cm
2
 at x=0.15, and then suddenly drop to 2.6 µC/cm
2
 at x=0.2. 
While the EC slightly fluctuated in the range of 1.5 to 2.1 kV/cm. The increased 
remanent polarization in BCZT-0.15 ceramics should be due to the higher Pr possessed 
in tetragonal-rhombohedral coexistence state than that in either tetragonal or 
rhombohedral state. This could be explained by the theory developed by J. Y. Li et al 
[126]. This result indicates that appropriate amount of Ca substitution for Ba will 
improve the ferroelectric properties of BCZT-x ceramics. 






Figure 4.13 (a) P-E hysteresis loops of BCZT-x (x=0-0.2) ceramics; (b) Remanent 
polarization Pr and coercive field Ec of BCZT-x ceramics as a function of Ca content. 
 






 In conclusion, to obtain high performance lead-free piezoelectric materials for 
devices applications, several work concerning about Ca substituted Ba(Zr0.1Ti0.9)O3 
ceramics has been conducted in the initial experiments. Well-sintered (Ba1-
xCax)(Zr0.1Ti0.9)O3 (x=0-0.2) ceramics have been successfully synthesized by 
conventional solid-state reactions. The phase structure, microstructure, electrical 
properties, and relaxor behavior of BCZT ceramics were systematically investigated. 
The results obtained are summarized as follows: 
1. Due to the lattice distortion caused by substitution of Ba2+ by Ca2+, the BCZT 
ceramics undergo a phase transition from rhombohedral phase to tetragonal 
phase with increasing the Ca content. An MPB between rhombohedral phase 
and tetragonal phase may exist at about x=0.15. It is believed that the MPB 
plays an important role in improving the piezoelectric and dielectric properties. 
2. The Ca substitution improves the densification of the BCZT ceramics, 
decreases the porosity, increased the relative density, and makes the grain-size 
distribution more uniform. The BCZT-0.15 ceramic exhibits the most 
homogenous microstructure with the largest grains. Grain size is another 
crucial factor to affect the piezoelectric properties of piezoelectric ceramics. 
3. The dielectric measurement supports the existence of MPB around x=0.15. The 
dielectric constant of BCZT ceramics obeys the modified Curie-Weiss law. The 
relaxor behavior enhances with increasing Ca content. The relaxor nature in 
BCZT-0.15 ceramics may also contribute to the improvement of piezoelectric 
properties. Another finding is the decrease of Curie point with increase of Ca. 
The Curie point for BCZT-0.15 ceramic is 60 °C. 





4. Therefore, the dielectric, piezoelectric, and ferroelectric properties of BZT 
ceramics can be greatly improved by appropriate substitution amount, because 
of the effects of MPB, grain size and relaxor behavior. The optimal properties 
has been obtained at 15 mol% Ca substitution with 
r =5,800, d33=350 pC/N, 
kp=33%, d31= 122 pC/N, k31=16%, Pr=6.2 μC/cm
2
, and Ec=2.1 kV/cm. 
Although the Tc of BCZT-0.15 ceramics is as low as 60 °C, the ceramics still 
can be used to produce piezoelectric devices which work under ambient 
temperature. These results suggest that BCZT ceramics have a promising 















4.2 LiNbO3-Doped (Ba,Ca)(Zr,Ti)O3 Ceramics 
4.2.1 Introduction 
 In the previous section, the phase structure, microstructure, dielectric properties, 
piezoelectric properties, and ferroelectric properties of Ca substituted Ba(Zr0.1Ti0.9)O3 
(BZT) ceramics were systematically investigated. The results showed that Ca 
substitution can drastically enhance the electrical properties of BZT ceramics. The 
(Ba0.85Ca0.15)(Zr0.1Ti0.9)O3 (BCZT-0.15) ceramic has the largest grain size and the best 
combination of electrical properties. However, the Curie point (Tc) of the BCZT 
ceramics decreased gradually with increasing Ca content. The Curie point of 
(Ba0.85Ca0.15)(Zr0.1Ti0.9)O3 ceramic is only 60 °C. In order to broaden the usage range 
of BCZT ceramic, its Tc should be increased by further modification. 
 Lithium niobate (LiNbO3) possesses a high Curie temperature (1,210 °C). The 
crystal structure is a corundum trigonal structure with an R3c space group. The lattice 
parameters at room temperature are a=5.4944 Å, α=55°52’ [127]. The structure of 
LiNbO3 is shown in Figure 4.14. The ABO3 structure consists of oxygen octahedra. 
The adjacent oxygen octahedra are connected to each other with an oxygen ion which 
serves as a common tie-end [32]. Recently, LiNbO3 has been added into 
(K0.5Na0.5)NbO3 to form a solid solution to improve both the piezoelectric properties 
and Curie point of KNN ceramics [108]. However, the solid solution of LiNbO3 and 
other piezoelectric systems has never been studied. The effect of LiNbO3 on the 
electrical properties and Curie point of other piezoelectric ceramics is still unclear. In 
this section, LiNbO3 doped (Ba0.85Ca0.15)(Zr0.1Ti0.9)O3 ceramics [abbreviated as BCZT-
xLN (x=0, 0.25%, 0.5%, 1%, and 2%)] were successfully prepared by conventional 
solid state reaction. The phase structure, microstructure, dielectric properties, 





piezoelectric properties, and ferroelectric properties of BCZT-xLN ceramics were 
systematically investigated. 
 
Figure 4.14 The structure of LiNbO3: (a) Sequence of distorted oxygen octahedral 
along the polar c-axis; (b) one unit cell viewed from the top of c-axis [128]. 
 
4.2.2 Phase Structure 
 Due to the same ABO3 structure, the solid solution of BCZT and LiNbO3 can 
be easily designed according to the composition (1-x)(Ba0.85Ca0.15)(Zr0.1Ti0.9)O3-
xLiNbO3 (x=0.25%, 0.5%, 1%, and 2%). Figure 4.15 shows the XRD patterns of the 
as-sintered BCZT-xLN (x=0, 0.25%, 0.5%, 1%, 2%) ceramics sintered in air at 
1,500 °C for 6 hrs. As shown in the figure, all the ceramics are phase-pure with a 
single perovskite structure. No additional diffraction peaks were observed in the XRD 





patterns, indicating that the samples are free of secondary phases. Therefore, LiNbO3 
may have completely diffused into BCZT lattice to form a BCZT-xLN solid solution, 
as shown in Figure 4.16. 
 
Figure 4.15 X-ray diffraction patterns of BCZT-xLN ceramics with 0≤x≤2% sintered 
at 1,500 °C for 6 hrs: (a) x=0, (b) x=0.25%, (c) x=0.5%, (d) x=1%, and (e) x=2%. 
 
 
Figure 4.16 Schematic diagram of the formation of solid solution of BCZT and LN 
(drawn by VESTA Ver. 3.1.0). 





 Although both BCZT and LN have an ABO3 formula, they have different 
structures. The structure of BCZT is perovskite structure; while LN has a lithium 
niobate structure which can be described as an ordered phase derived from the 
corundum structure or a heavily distorted perovskite. Due to the large distortion caused 
by LN doping, BCZT ceramics will go thought phase transitions with increasing LN 
content. Close investigation of Bragg 2θ at around 45° was shown in Figure 4.17. As 
revealed in the figure, with 0.25% of LN doping, the BCZT ceramic changed from a 
tetragonal dominant structure which is characterized by the (002)/(200) peak splitting 
(as shown in Figure 4.17a) to a orthorhombic dominant structure which is 
characterized by the (022)/(200) peak splitting [26] (as shown in Figure 4.17b). When 
x≥1%, the phase structure transferred back to tetragonal structure. Therefore, an MPB 
between orthorhombic phase and tetragonal phase may exist at around 0.5 mol% of LN 
doping. The lattice parameters of BCZT-xLN ceramics calculated by XRD are listed in 
Table 4.4. The unit cell shrinks with increasing LN when x≤0.5 mol% and then 
expands with increasing LN when x≥1 mol%. 






Figure 4.17 Enlargement of XRD patterns from 2θ of 44° to 46° for BCZT-xLN 
ceramics with 0≤x≤2% sintered at 1,500 °C for 6 hrs: (a) x=0, (b) x=0.25%, (c) 
x=0.5%, (d) x=1%, and (e) x=2%. 
 
Table 4.4 Lattice parameters of BCZT-xLN ceramics. 
BCZT-xLN a (Å) b (Å) c (Å) V (Å
3
) c/a 
x=0 T 3.9990  4.0209 64.30 1.0055 
x=0.25% O 4.0099 3.9915 4.0170 64.29  
x=0.5% O 4.0083 3.9911 4.0136 64.21  
 T 3.9959  4.0232 64.24 1.0068 
x=1% T 4.0031  4.0267 64.53 1.0059 
x=2% T 4.0059  4.0280 64.64 1.0055 
T: tetragonal phase; O: orthorhombic phase. 






 Figure 4.18 shows the variation of the bulk densities of BCZT-xLN (x=0-2%) 
ceramics sintered at 1,500 °C for 6 hrs. With increasing LN doping, the bulk density of 
the ceramics initially increases, and then gradually decreases. In spite of the much 
lower atomic weight of Li (6.941) than those of Ba (137.327) and Ca (40.078), the 
densities of BCZT-xLN ceramics with x=0.25% and 0.5% are higher than the density 
of BCZT. The density of BCZT-0.25%LN ceramics is maximized. Due to the 
difference between the lattice parameters of BCZT and LN, the solubility of LN in 
BCZT may be small. When x≥0.25%, the excessive LN may accumulate in grain 
boundary to prevent further densification, resulting in the decrease of density. 
 
Figure 4.18 Bulk densities of BCZT-xLN ceramics as a function of LN content. 
 
 Figure 4.19 shows the FE-SEM images of the surfaces of as-sintered BCZT-
xLN ceramics (x=0-2%). Figure (a) shows the microstructure of BCZT-0.15 ceramics 
with a homogenous distribution and large grain size. With small amount of LN doping 
(0.25%), the grain size became larger, which may ascribe to the addition of LiNbO3 
which serves as a sintering aid [129, 130]. When x=0.5%, some abnormal grains can 





still be observed, however, the size of other grains decreased. With further increase of 
LN, the grain size kept decreasing and the ceramics became loose with increased 
porosity. This result is consistent with the density measurement. The BCZT-0.25%LN 
ceramics have the highest value of density, largest grain size, and most homogenous 
distribution. With further increase of LN content, the grain size of the ceramics 
decreased and the porosity increased, leading to a decrease in the density. Therefore, 
small amount of LN doping can improve the densification of the ceramics by 
facilitating the grain growth, thus increase the density of the ceramics. 
 
Figure 4.19 FE-SEM images of the BCZT-xLN ceramics sintered at 1,500°C for 6 h: 
(a) x=0; (b) x=0.25%; (c) x=0.5%; (d) x=1%; (e) x=2%. 





 The Li2O can form a eutectic phase with Nb2O5, which has a melting point as 
low as 1,200 °C [131]. At high sintering temperature (1,500 °C), LiNbO3 will melt to 
form a liquid phase around particles, which will lower the critical driving force for 
rapid grain growth [130]. Figure 4.20 shows the existence of abnormal grains and 
liquid phase in BCZT-xLN (x=0.25%-2%) ceramics. Figure 4.20(a) shows the 
microstructure of BCZT-0.25%LN ceramics. Some abnormal grains larger than 30 µm 
were observed due to the effect of LiNbO3 as a sintering aid. When the LN doping is at 
0.5 mol%, some shrunk abnormal grains still existed in the ceramic (as shown in 
Figure 4.20(b)). When the amount of LN doping reaches 1 mol%, large area of LiNbO3 
liquid phase can be obviously observed. With further increase of LN to 2%, the area of 
liquid phase becomes larger. The loose microstructure with decreased grain size should 
ascribe to the prevention of further grain growth caused by the impingement between 
abnormal grains and the large distortion caused by large amount of LN doping. 
Moreover, due to the evaporation of low melting temperature LN, pores formed 
limiting particles’ growth. These results suggest that small amount of LN doping can 
improve the densification of BCZT ceramics by inducing a liquid phase sintering, 
leading to an optimized microstructure with large grain size. However, excessive LN 
doping will result in a deteriorated microstructure with small grain size and pores. So 
the LN doping should be limited to 0.5 mol% in order to obtain excellent 
microstructure which will greatly influence the electrical properties of the BCZT-xLN 
ceramics. 






Figure 4.20 FE-SEM images of BCZT-xLN (x=0.25%-2%) ceramics showing the 
existence of abnormal grains and liquid phase: (a) x=0.25%; (b) x=0.5%; (c) x=1%, 
and (d) x=2%. 
 
4.2.4 Dielectric Properties 
 Figure 4.21 demonstrates the dielectric constant, r , and dielectric loss, tan , 
of the BCZT-xLN ceramics (x=0-2%) as a function of frequency. The dielectric 
constants of all the ceramics slightly decreased with increasing measuring frequency 
from 100 Hz to 100 kHz. The decrease of r  is more obvious in BCZT-2%LN 
ceramics. This is because that the jumping frequency of the electric charge carrier in 
the ceramics cannot follow the alternation of the external electrical field when the 
frequency is beyond a certain critical value [82]. Another finding is that the r  of 
poled ceramics are higher than that of unpoled ceramics in all samples except BCZT-
2%LN ceramics. This can be explained by the mechanism of domain wall motion [92]. 





The mobility of the domain wall is increased by the formation of MPB and large grain 
size, which gives rise to the increase of dielectric constant after poling. The largest 
increment of 
r  is obtained in BCZT-0.5%LN ceramic, suggesting the largest domain 
wall mobility in this ceramic. Moreover, the 
r of BCZT-2%LN ceramic increased 
remarkably to around 8,000. This may be due to the considerable shift of Curie point 
to lower temperature, which will be discussed later.  
 
Figure 4.21 Dielectric constant r  and dielectric loss 
tan of BCZT-xLN (x=0-2%) 
ceramics measured at room temperature as a function of frequency. 
 
 The composition dependence of the dielectric properties of BCZT-xLN (x=0-
2%) ceramics measured under 1 kHz at room temperature was shown in Figure 4.22. 
With 0.25 mol% of LN doping, the r  of BCZT at room temperature decreased from 
5,800 to 5,000, which should be due to the addition of LN with a much lower dielectric 
constant (~30 [132]). With further increase LN content to 0.5 mol%, the r  increased 





to 5,300, which can be explained by the formation of MPB between orthorhombic 
phase and tetragonal phase. The decrease of 
r  to 4,600 at x=1 mol% may be due to 
the existence of liquid phase. However, the 
r  of BCZT-2%LN ceramic soar up to 
7,900, which should ascribe to the downward shift of Curie point. 
 
Figure 4.22 Composition dependence of the relative dielectric constant r  and the 
dielectric loss tan  as a function of LN content at 1 kHz under room temperature. 
 
 Figure 4.23 illustrates the temperature dependences of the dielectric constant 
r  of BCZT-xLN (x=0-2%) ceramics at different frequencies (100-100 kHz). The 
dielectric constant was measured from 30 °C to 150 °C for every frequency. In every 
dielectric constant versus temperature curve, only one peak was observed, which 
corresponds to the Curie point of each ceramic. The r  decreases with increasing 
measuring frequency. The dielectric constant maximum m  was obtained at the same 
temperature for the four different frequencies in BCZT-0.25%LN, BCZT-0.5%LN, and 
BCZT-1%LN ceramics. While the mT  of BCZT-2%LN ceramic shows a frequency 
dispersion. The Tm changed slightly from 48 °C at 100 Hz to 49 °C at 1 kHz and 10 





kHz, then to 50 °C at 100 kHz, suggesting that BCZT-2%LN has a strengthened 
relaxor-like behavior. Furthermore, the dielectric constant peak narrowed with 
increasing LN content when x≤0.5 mol%; while the peak broadens with increasing LN 
content when x≥1 mol%. So the relaxor-like behavior in BCZT ceramics may be 
mitigated with small LN doping and strengthened again when LN doping reaches a 
critical amount. The detailed dielectric relaxor behavior analysis will be presented in 
the following section. 
 
Figure 4.23 Temperature dependence of dielectric constant for the BCZT-xLN (x=0-
2%) ceramics at different frequencies (100-100 kHz): (a) x=0; (b) x=0.25%; (c) 
x=0.5%; (d) x=1%; (e) x=2%. 





 Figure 4.24 shows the change of Tc of BCZT-xLN (x=0-2%) ceramics with 
increasing LN doping content. Due to the high Tc of LiNbO3 (1,210 °C), the phase 
transition temperature of BCZT-xLN solid solutions increased with increasing LN 
doping to 0.5 mol%. The Tc reached the maximum value (83 °C) at 0.5 mol% of LN 
doping. With further increase of LN content, the Tc continually decreased (1%: 77°C; 
2%: 50 °C). Because of the large distortion caused by LN doping, the crystal symmetry 
of BCZT-xLN changed greatly, giving rise to a decrease of off-center displacement of 
B
4+
 ions. When x≤0.5 mol%, the existence of orthorhombic phase lowers the lattice 
symmetry of the ceramics. Therefore, the required energy to induce phase transition 
from ferroelectric phase to paraelectric phase increased, resulting in the increase of Tc. 
When x≥1 mol%, the structure changed to tetragonal phase. Moreover, as shown in 
Table 4.4, the tetragonality (c/a) decreased in BCZT-1%LN and BCZT-2%LN 
ceramics, leading to the decreased Tc. This result shows that small amount of LN 
doping can greatly increase the phase transition temperature of BCZT ceramics, so the 
working temperature range of this ceramic will be broadened. 
 
Figure 4.24 Evolution of Tc of BCZT-xLN (x=0-2%) ceramics as a function of LN 
content. 





 The evolution of dielectric constant with temperature was fitted with Curie-
Weiss law (Equation 4.3). The deviation from Curie-Weiss law is shown in Figure 
4.25. The inverse dielectric constant (10
4/ε) at 10 kHz of BCZT-xLN ceramics was 
plotted versus temperature. Tm denotes the temperature at the dielectric maximum; TB 
denotes the temperature where the dielectric constant starts to follow the Curie-Weiss 
law. In contrast to the evolution of Tm with increasing LN content, the TB for LN doped 
BCZT ceramics remains nearly constant at around 110 °C. So the mT , which is the 
difference between Tm and TB, indicates the deviation from Curie-Weiss law and a 
relaxor-like behavior [133]. The deviation can be attributed to the existence of polar 
clusters under TB [134]. It is apparent from figure that the mT  decreases initially with 
increasing LN content, and then increases with further addition, which suggests that 
the degree of relaxor behavior was mitigated with small amount LN doping and 
strengthened with large amount of LN doping. The fitting results for mT , BT , CWT , 
mT , and C are summarized in Table 4.5. 
 






Figure 4.25 The plots of inverse dielectric constant (10
4/ε) as a function of 
temperature at 10 kHz for BCZT-xLN (x=0-2%) ceramics: (a) x=0; (b) x=0.25%; (c) 
x=0.5%; (d) x=1%; (e) x=2%. 
 
 In order to study the dielectric relaxor behavior of BCZT-xLN ceramics, the 
experimental data was fitted to the Uchino and Nomura function (as shown in 
Equation 4.5). The values of ln(1/ 1/ )m   at 10 kHz for the BCZT-xLN (x=0-2%) 
ceramics were plotted versus the values of ln( )mT T , as shown in Figure 4.26. The 
data shows a linear relationship for all the samples. The γ, which represents the degree 





of diffuseness, is obtained by fitting the slope of the linear line. The γ value decreases 
from 1.76 at x=0 to 1.64 at x=0.25 mol%, and reach the minimum of 1.58 at x=0.5 
mol%, however, it increases again to 1.75 at x=1 mol%, and 1.84 at x=2 mol%. This 
result indicates that the relaxor behavior of BCZT ceramics can be mitigated with 
small amount (x≤0.5 mol%) of LN doping, and large amount (x≥1 mol%) of LN 
doping will result in an enhancement of relaxor behavior in BCZT-xLN ceramics. This 
result is consistent with the results from Figure 4.23 and Figure 4.25. A common 
theory to explain relaxor behavior is the disruption of long-range dipolar interactions 
due to the local lattice distortion, giving rise to the formation of polar clusters [135]. 
When x≤0.5 mol%, LN doping may increase the connection between microdomain, 
leading to the growth of microdomain to macrodomain, which will weaken the relaxor 
behavior of BCZT ceramics. However, when x≥1 mol%, the site occupancy disorder 
caused by the composition fluctuation may give rise to the formation of new polar 
nanoregion (PNR), which enhances again the relaxor behavior of the BCZT-xLN 
ceramics. The fitting results for γ are listed in Table 4.5. 






Figure 4.26 The plots of ln(1/ 1/ )m  as a function of ln( )mT T  at 10 kHz for the 














Table 4.5 The Curie-Weiss temperature (Tcw), the temperature where the dielectric 
constant starts to follow Curie-Weiss law (TB), the temperature at the dielectric 
constant maximum (Tm), the deviation from Curie-Weiss law ( mT ), the Curie-Weiss 
constant (C), and the degree of diffuseness (γ) for BCZT-xLN (x=0-2%) ceramics at 10 
kHz. 
 BCZT-xLN 
x=0 x=0.25% x=0.5% x=1% x=2% 
Tcw (°C) 71 83 89 86 75 
TB (°C) 99 109 109 111 109 
Tm (°C) 60 76 83 77 50 
mT  (°C) 39 33 26 34 59 
C (×10
5
 °C) 1.84 1.81 1.73 1.51 1.3 
γ 1.76 1.64 1.58 1.75 1.84 
 
4.2.5 Piezoelectric Properties 
 Figure 4.27 shows the variation of piezoelectric constant d33 of BCZT-xLN 
(x=0-2%) ceramics as a function of LN doping content. The d33 value increased 
markedly from 350 pC/N for BCZT ceramics to a maximum of 500 pC/N for BCZT-
0.5%LN ceramics, and sharply decreased to 116 pC/N for BCZT-2%LN ceramics. As 
discussed in the previous section, the lattice distortion caused by LN doping induced a 
formation of MPB between orthorhombic phase and tetragonal phase at x=0.5 mol%. 
The remarkable improvement in BCZT-0.5%LN ceramics should ascribe to the effect 
of MPB which facilitate the domain switching. The tetragonal phase has 6 <001> 
possible poling directions. The rhombohedral phase has 8 <111> possible poling 
directions. The orthorhombic phase has 12 <110>possible poling directions [136, 137]. 
Therefore, the BCZT-0.5%LN ceramics with an MPB of tetragonal phase and 
orthorhombic phase have more total possible orientations (18) than the BCZT ceramics 





with an MPB of tetragonal phase and rhombohedral phase (14). So the piezoelectric 
properties of BCZT-0.5%LN ceramics are better than BCZT ceramics. Although the 
BCZT-0.25%LN ceramics have a higher density and larger grain size than that of 
BCZT-0.5%LN ceramics, its d33 (455 pC/N) is lower than that of BCZT-0.5%LN 
ceramics. This manifests that the effect of MPB plays a more important role than grain 
size in this system. However, the value of d33 in BCZT-0.25%LN ceramics is still 
higher than the d33 of BCZT (350 pC/N), which may be because of the densification. 
When the LN content exceeded 1 mol%, the piezoelectric property suddenly dropped. 
As seen from the FE-SEM images of BCZT-xLN ceramics, with large amount of LN 
doping, the grain size greatly reduced and many large pores were observed. These are 
due to the large distortion caused by LN doping and the pores caused by the 
evaporation of LN. These effects are responsible for the deterioration of piezoelectric 
properties.  
 
Figure 4.27 The change of piezoelectric charge constant d33 of BCZT-xLN (x=0-2%) 
ceramics with increasing LN content. 





 The variations of other piezoelectric properties (kP, d31, and k31), elastic 
compliance constant 11
ES , and mechanical quality factor Qm as a function of LN content 
were shown in Figure 4.28. The other piezoelectric properties, i.e. the planar 
electromechanical coefficient kp, piezoelectric charge constant d31, and length mode 
electromechanical coupling factor k31, exhibit a similar trend to the variation of d33 
with LN content. With continuous increase of LN content, the values of kp, d31, and k31 
all initially increased and then decreased. They all reached their maxima at 0.5 mol% 
of LN doping, which are 49%, 215 pC/N, and 24% for kp, d31, and k31, respectively. 
The great enhancement can also be explained by the formation of MPB at around 0.5 











BCZT-0.5%LN ceramics, suggesting a softening of BCZT ceramics with LN doping.  
The mechanical quality factor Qm increased from 80 in BCZT ceramics to a maximum 
of 94 in BCZT-0.25%LN ceramics, and then gradually decreased with further 
increasing LN doping. The improved Qm at 0.25 mol% LN doping may be due to the 
reduced porosity. The decrease of Qm with further increase of LN doping should 
ascribe to the increased porosity, lattice distortion, and liquid phase, which will 
tremendously influence the dielectric loss [138].  






Figure 4.28 Composition dependence of other properties of BCZT-x (x=0-0.2) 
ceramics: (a) planar electromechanical coefficient kp, (b) piezoelectric charge constant 
d31, (c) length mode electromechanical coupling factor k31, (d) elastic compliance 
constants 11










4.2.6 Ferroelectric Properties 
 The ferroelectric properties of BCZT-xLN (x=0-2%) ceramics were tested 
under an electric field of 40 kV/cm at room temperature. The polarization versus 
electric field (P-E) hysteresis loops and the variation of Pr and coercive field Ec as a 
function of LN content were shown in Figure 4.29. As shown in Figure 4.29(a), all the 
hysteresis loops show a well-saturated shape. The remanent polarization increased with 
0.25 mol% and 0.5 mol% of LN doping. The Pr for BCZT-0.25%LN and BCZT-
0.5%LN ceramics are 8.2 µC/cm
2
 and 11.2 µC/cm
2
, respectively. The BCZT-0.5%LN 
ceramics show the most rectangular hysteresis loop, which indicates that the sample 
possesses the best ferroelectric properties. However, the Pr decreased with 1 mol% and 
2 mol% of LN doping. The BCZT-2%LN ceramics even have a lower Pr of 3.2 
µC/cm
2
 compared with that of undoped BCZT (6.2 µC/cm
2
).  The Pr increased and 
reached maximum in BCZT-0.5%LN, owing to the summation of possible 
spontaneous polarization directions for orthorhombic and tetragonal phase coexistence. 
In contrast, when LN doping content exceed 1 mol%, the phase structure of the 
ceramics changed to tetragonal phase which has less spontaneous polarization 
directions, resulting in a decreasing Pr. On the other hand, as shown in Figure 4.29(b), 
the EC is not very sensitive to the composition change. It slightly fluctuated at around 2 
kV/cm, which may be explained by the competing effects of bulk density, grain size 
and porosity [139]. In despite of the small fluctuation, all the samples have a small EC, 
indicating that the samples are easy to pole.  
  






Figure 4.29 (a) P-E hysteresis loops of BCZT-xLN (x=0-2%) ceramics; (b) Variation 
of remanent polarization Pr and coercive field Ec of BCZT-xLN ceramics as a function 
of LN content. 
 






 In order to increase the Curie point of (Ba0.85Ca0.15)(Zr0.1Ti0.9)O3 ceramics, 
LiNbO3 was selected to dope into BCZT. Conventional solid state reaction was 
employed to fabricate (1-x)(Ba0.85Ca0.15)(Zr0.1Ti0.9)O3-xLiNbO3 (x=0, 0.25%, 0.5%, 1%, 
and 2%) solid solutions. The effects of LN doping on the phase structure, 
microstructure, electrical properties and Curie point of BCZT ceramics were 
systematically investigated. Some conclusions are drawn as follow: 
1. Due to the lattice distortion caused by LN doping, the BCZT-xLN ceramics go 
through several phase transitions. With 0.25 mol% LN doping, the BCZT 
ceramics transfer from a coexistence of rhombohedral phase and tetragonal 
phase to orthorhombic phase. With further increase, BCZT-xLN ceramics 
undergo another phase transition to tetragonal phase. An MPB between 
orthorhombic phase and tetragonal phase may exist at around 0.5 mol% LN 
doping. 
2. The addition of LN induced a liquid phase sintering which facilitate the grain 
growth and densification. With excessive LN doping, the large lattice distortion 
and evaporation of LN prohibit the grain growth, resulting in a poor 
microstructure with small grains and large pores.  
3. The dielectric relaxor behavior was mitigated with small amount of LN doping, 
and enhanced with further increase of doping. The highest phase transition 
temperature Tm of 83 °C was achieved in BCZT-0.5%LN ceramics. The 
piezoelectric and ferroelectric properties all dramatically improved with 0.5 
mol% of LN doping, due to the formation of another MPB. The optimized 
properties are r =5,300, d33=500 pC/N, kp=49%, d31= 215 pC/N, k31=24%, 
Pr=11.2 μC/cm
2
, and Ec=2.0 kV/cm.  





4. Consequently, the amount of LN doping should be precisely controlled because 
it has a tremendous influence on the electrical properties. From the obtained 
results, the piezoelectric properties, ferroelectric properties, and the Curie point 
all achieve their best at 0.5 mol% LN doping, demonstrating that the BCZT-
0.5%LN ceramics can be used in piezoelectric devices which require high 





Chapter 5 Textured (Ba,Ca)(Zr,Ti)O3 Ceramics  
5.1 Introduction 
 In general, single crystals possess properties 2-3 times of the properties in their 
polycrystalline counterparts. Due to difficulty in synthetic process and high cost of 
single crystal, texture engineering has been utilized as an alternative method to 
enhance the performance of ceramics by controlling the grain orientation. The 
enhancement of piezoelectric properties by texture development has been widely 
reported for various compounds including PZT-based [140-142], KNN-based [19, 42], 
and BaTiO3-based ceramics [18, 68, 143]. However, texture engineering has yet been 
applied to the (Ba,Ca)(Zr,Ti)O3 system. It is of great importance to study the textured 
(Ba,Ca)(Zr,Ti)O3 ceramics. 
 Since Ba(Zr,Ti)O3 ceramics shows a higher piezoelectricity in <001> 
orientation compared with other orientations [18, 144], it is expected that enhanced 
piezoelectric performance can also be obtained in <001> textured BCZT ceramics. 
Moreover, the main drawback of the BCZT system is its relatively low Curie point (Tc) 
limiting its application. It is observed that the Curie point of some ceramics changes 
with their texture. For example, the textured KNN ceramics possesses higher Curie 
point than that of the randomly-oriented ones [19]. Therefore, the Curie point of BCZT 
ceramics is also expected to increase by texture engineering without modifying the 
chemical composition. In this section, the textured BCZT ceramics were fabricated by 
TGG methods using BaTiO3 template. The effects of different amounts of template on 
the texture development, structure, electrical properties, and Curie point of textured 
BCZT ceramics were systematically investigated. 
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5.2 Synthesis of Plate-like BaTiO3 Template 
 In order to fabricate <001> textured (Ba0.85Ca0.15)(Zr0.1Ti0.9)O3 lead-free 
piezoelectric ceramics, there are several requirements for the template to satisfy. To 
develop <001> texture, the template should have a preferred <001> orientation. To 
facilitate template alignment during tape casting process, the template particles must 
be anisometric in shape (plate-like) with a high aspect ratio. To serve as the preferred 
sites for epitaxy and subsequent oriented grain growth of the matrix particles, the 
template particles should be single crystal and chemically stable at the sintering 
temperature [70]. To avoid the introducing of foreign elements, the template particles 
should not contain other elements except the elements in the final products. After 
several primary trials, plate-like BaTiO3 particle has been selected as template for 
fabricating textured BCZT ceramics.  
 Previously, plate-like BaTiO3 particles were mostly prepared by the Reimaka 
method [145]. The <001> direction lies perpendicular to the plate face, therefore the 
particles can be used as templates for <001> texture. However, the BT particles 
prepared by this method have low aspect ratio. In addition, the use of the corrosive KF 
molten salt is not environmentally friendly. Fortunately, the application of BaTiO3 
templates in fabricating textured BCZT ceramics has become feasible since a two-step 
molten salt synthesis (MSS) for preparing plate-like BaTiO3 particles has been 
developed [146]. The reactions for the first and second steps of the MSS method are as 
follow: 
                                               2Bi2O3+3TiO2→Bi4Ti3O12                                                              (5.1) 
                              Bi4Ti3O12+3BaCO3→3BaTiO3+2Bi2O3+3CO2↑                          (5.2) 
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 Figure 5.1 shows the schematic diagram of topochemical conversion from 
Bi4Ti3O12 with a bismuth layered structure to BaTiO3 with a perovskite structure. In 
the first step, Bi4Ti3O12 precursor with a plate-like morphology was obtained. In the 
second step, the Bi
3+
 ions were replaced by Ba
2+
 ions through ion exchange, while the 
oxygen octahedra TiO6 remained in their positions, giving rise to a perovskite BaTiO3 
with plate-like morphology.  
 
Figure 5.1 Schematic diagram of topochemical conversion from Bi4Ti3O12 to BaTiO3. 
 
 Figure 5.2 shows the XRD pattern and FE-SEM image of the precursor 
Bi4Ti3O12 particles. All the diffraction peaks in the XRD pattern can be assigned to the 
Bi4Ti3O12 phase according to JCPDS No. 35-795, suggesting that the precursor 
particles are single phase without impurity. It is observed from FE-SEM image that the 
plate-like Bi4Ti3O12 particles were successfully synthesized. The particles have 
dimensions of 5~20 µm, and aspect ratios of 10~20.  




Figure 5.2 XRD pattern (a) and FE-SEM (b) of Bi4Ti3O12 particles. 
 
 Figure 5.3 shows the XRD pattern and FE-SEM image of plate-like BaTiO3 
particles. All the diffraction peaks belong to BaTiO3 phase, identified by JCPDS No. 
75-462. This means that the BaTiO3 transformation was completed in the second step 
of molten salt synthesis and the residual salt and oxide were thoroughly removed by 
washing with hot deionized water and HCl. The BT has a tetragonal phase which is 
characterized by the splitting of (002)/(200) at around 2θ=45°. The FE-SEM image 
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shows that BT particles retained the plate-like morphology of Bi4Ti3O12 precursors. 
The particles have dimensions of 5~20 µm, and high aspect ratios of 10~20, indicating 
that they are suitable for the following tape casting process. 
 
Figure 5.3 XRD pattern (a) and FE-SEM image (b) of BaTiO3 plate-like particles. 
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5.3 Phase Structure 
 The XRD patterns of the randomly-oriented and <001> textured BCZT 
ceramics with different template content (5 mol%, 10 mol%, 15 mol%, and 20 mol%) 
(abbreviated as BCZT-T-x) sintered at 1,500 °C for 6 hrs were shown in Figure 5.4. 
The XRD results show that all the samples possess a single perovskite phase and no 
impurity was observed, suggesting that the BaTiO3 templates and the complementary 
BCZT matrix powders may react at sintering temperature to form the final product 
(Ba0.85Ca0.15)(Zr0.1Ti0.9)O3 ceramics. For textured BCZT ceramics with a BT template 
content x, the formula of the complementary BCZT matrix is (Ba0.85-xCa0.15)(Zr0.1Ti0.9-
x)O3-3x. The reaction takes place during sintering can be expressed as follow: 
          xBaTiO3+(Ba0.85-xCa0.15)(Zr0.1Ti0.9-x)O3-3x→(Ba0.85Ca0.15)(Zr0.1Ti0.9)O3           (5.3) 
The XRD patterns also exhibit the development of the <001> texture. The intensity of 
the <001> peaks are higher in all textured samples than those in randomly-oriented 
sample. While the intensities of other peaks are lower in textured ceramics than the 
peaks in randomly-oriented ceramics. Furthermore, the addition of BT templates 
changed the phase structure of the textured BCZT ceramics. It was observed that (002) 
peak splits from (200) one, suggesting an increase in tetrogonality of the textured 
ceramics with 5 mol% and 10 mol% template. The calculated lattice parameters for 
BCZT-T-5% and BCZT-10% are listed in Table 5.1. This may be due to lattice 
distortion caused by the stress between BaTiO3 templates and the templated BCZT 
grains. The BT templates can stabilize the tetragonal structure in textured ceramics by 
clamping effect [147]. However, the peak splitting became inconspicuous in samples 
with 15 mol% and 20 mol% template. When the amount of template becomes higher, 
the designed composition of the BCZT matrix powder will largely deviate from the 
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final composition (Ba0.85Ca0.15)(Zr0.1Ti0.9)O3. The change in chemical composition will 
affect the diffuse direction. The diffusion of the BT templates into BCZT matrix 
powders caused a disappearance of BT templates, resulting in the weakening of 
clamping effect and the decrease of tetragonality. 
 
Figure 5.4 XRD patterns of randomly-oriented (a) and <001> textured BCZT ceramics 
with different template content: (b) 5 mol%, (c) 10 mol%, (d) 15 mol%,                    
and (e) 20 mol%. 
 
Table 5.1 Lattice parameters of BCZT, BCZT-T-5%, and BCZT-T-10% ceramics. 
 a (Å) c (Å) V (Å
3
) c/a 
BCZT 3.9990 4.0209 64.30 1.00548 
BCZT-T-5% 3.9905 4.0206 64.02 1.00754 
BCZT-T-10% 3.9891 4.0205 63.98 1.00787 
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 The degree of orientation was evaluated with XRD patterns. Figure 5.5 shows 
the change of (00 )lf  of textured BCZT ceramics with increasing BT templates. With the 
addition of 5 mol% BT templates, the (00 )lf  increased sharply from 0 in random BCZT 
ceramic to 82%, indicating that the introducing of BT templates with <001> 
orientation can greatly influence the <001> texture of the BCZT ceramics.  However, 
when the template content exceeded 5 mol%, the (00 )lf  gradually decreased with 
increasing template. The (00 )lf  for BCZT-T-10%, BCZT-T-15%, and BCZT-T-20% 
ceramics are 79%, 67%, and 64%, respectively. The reason can be ascribed to the 
overlap and collision of BT templates between each other when large amount of 
template was used [4, 68]. Therefore, the amount of BT templates should be well 
controlled in order to develop BCZT ceramics with high texture. According to other 
studies, textured BaTiO3 ceramics reached the highest degree of orientation at 15 mol% 
template [68] and Ba(Zr,Ti)O3 at 10 mol% template [148], therefore our result may 
suggest that the template content required for the best texture decreases with increasing 
the complexity of the ceramics composition. 
 
Figure 5.5 Variation of Texture fraction (00 )lf  of BCZT textured ceramics as a 
function of template content. 




 Figure 5.6 shows the relative densities of the BCZT-T-x (x=0-20%) ceramics. 
The densities of the textured BCZT ceramics are lower than the density of random 
BCZT ceramic and the density is decreased with increasing template content, 
indicating that the addition of BT templates has a negative effect on the densification. 
When x=20 mol%, the relative density is as low as 87%. In the TGG process, the large 
plate-like templates act as rigid inclusions and impede the densification process of the 
matrix grains [149, 150]. Another reason is formation of pores formed by rearranging 
the template grains to have a face-to-face contact in the early stage of sintering [151]. 
Thus, the density of the ceramics will decrease inevitably due to the existence of 
template particles.  
 
Figure 5.6 Change of relative densities of the BCZT-T-x (x=0-20%) ceramics with BT 
template content. 
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 Figure 5.7 shows the microstructures of as-sintered surface of BCZT-T-x (x=0-
20%) ceramics. The randomly-oriented sample without BT templates shows a dense 
microstructure with grain sizes of 10~25 µm, as shown in Figure 5.7(a). With 5 mol% 
of BT templates, the grain size greatly increased and some huge grains with a 
dimension of ~50 µm were observed. During the heat treatment process, the large 
template grains will grow with the expense of matrix grains surrounding the templates, 
resulting in the formation of huge grains. However, the formation of some pores in the 
grain boundaries of the grains gave rise to the decrease of the bulk density, which is 
consistent with the density measurement in Figure 5.6. With continuous increasing BT 
templates, the grain size keeps decreasing, and the porosity keeps increasing. One 
possible reason is the collision between templates which impede the grain growth. In 
addition, the rearrangement of plate-like templates [151] during the heat treatment 
process will result in large pores.  




Figure 5.7 FE-SEM images of the as-sintered surfaces of BCZT-T-x ceramics: (a) x=0 
(random); (b) x=5 mol%, (c) x=10 mol%, (d) x=15 mol%, and (e) x=20 mol%. 
 
 Figure 5.8 shows the FE-SEM images of cross sections of the randomly-
oriented and textured BCZT ceramics after thermal etching. The development of 
texture microstructure can be clearly observed. Figure 5.8(a) shows the microstructure 
of random BCZT ceramics with nearly equiaxed grains. When small amount of 
BaTiO3 plate-like template was added, the template grew at the expense of the matrix 
powders which resulted in a microstructure with brick-like grains representing the 
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development of texture. Figure 5.8 (b) reveals the microstructure of the sample with 5 
mol% template with well-textured structure and largest grain size. The grain size is 
about 18 µm. When template exceeds 5 mol%, the texture deteriorated and the grain 
size of the textured ceramics was drastically reduced (Fig. 5.8 (c) through (e)), which 
is consistent with Figure 5.5 and Figure 5.7. This may be due to the interaction and 
collision between templates resulting in a destruction of the alignment and growth of 
the template particles. Another possible reason responsible for decrease of texture with 
increase of template is the change of diffuse direction. In order to develop highly 
textured BCZT ceramics, the ions in the matrix powders must diffuse into the BT 
templates to form textured ceramics. Figure 5.9 shows the growth and disappearance 
of template grains under different directions of materials transport. The diffuse 
direction depends on the chemical composition [4]. In the composition of the ceramics, 
Zr is an element which is very difficult to diffuse. The amount of Zr in the 
complementary matrix composition ((Ba0.85-xCa0.15)(Zr0.1Ti0.9-x)O3-3x) increases with 
increasing the amount of BT template (x). When the amount of Zr in BCZT matrix is 
small, the components of BCZT have a large diffusion rate and can diffuse into the 
template grains to develop texture (Figure 5.9a). On the other hand, when the amount 
of Zr in BCZT matrix increases, the diffusion rate of the BCZT components decreases 
and the components of BaTiO3 template diffuse into BCZT grains, resulting in a 
disappearance of template particles (Figure 5.9b). Therefore, BCZT ceramics cannot 
develop good texture structure with excessive template. From the viewpoint of 
densification and texture development, textured BCZT ceramic with 5 mol% BT 
templates is desirable, because it has the highest degree of orientation, highest density, 
largest grain size, and best texture microstructure. Therefore, it is expected to have the 
best electrical properties. 




Figure 5.8 FE-SEM images of cross sections of BCZT-T-x ceramics: (a) x=0 (random); 
(b) x=5 mol%, (c) x=10 mol%, (d) x=15 mol%, and (e) x=20 mol%. 
 
   




Figure 5.9 Schematic diagram showing effect of diffusion directions (a: matrix to 
template; b: template to matrix) on texture development. 
 
5.5 Dielectric Properties 
 Figure 5.10 shows the dielectric constant r  and dielectric loss
tan of 
randomly-oriented BCZT ceramic and textured BCZT ceramics with different amounts 
of BT templates (5, 10, 15, and 20 mol%) measured at room temperature from 100 Hz 
to 100 kHz. The r  of all the samples (unpoled and poled) slightly decreased with 
increasing frequency. While the tan  of the samples (unpoled and poled) increase 
with increasing frequency at high frequency. This can be attributed to the ions jumping 
under external field. The material has a natural frequency for the ions jumping between 
two equilibrium states [91]. When the frequency of the external electric field is equal 
to the natural frequency, the electrical energy transferred to the oscillation ions will 
reach the maximum. Thus when the frequency is approaching the natural frequency, 
the dielectric loss will increase significantly. All the textured BCZT ceramics have a 
higher dielectric constant after poling than before poling, which is similar to the 
randomly-oriented BCZT sample. This means that the domain mobility in the textured 
samples is also high, which contributes to the increased dielectric constant after poling.  




Figure 5.10 Dielectric constant r  and dielectric loss 
tan of random and textured 
BCZT ceramics measured at room temperature as a function of frequency. 
 
 Figure 5.11 shows the variations of dielectric constant and dielectric loss of 
BCZT-T-x ceramics after poling measured under 1 kHz at room temperature as a 
function of template content. According to the results presented in Section 4.1, due to 
the formation of MPB between rhombohedral phase and tetragonal phase, the relative 
dielectric constant in BCZT ceramics reached a relatively high value of 5,800. 
However, the r  gradually decreased with increasing BaTiO3 template. When adding 
20 mol% of BT templates, the r  decreased to the lowest value around 3,000. The BT 
template has a low r  around 1,500 [152]. The decrease of dielectric constant may be 
related to the combined dielectric response of BT template and BCZT matrix. The 
other possible reasons may include the decrease of density, increase of porosity, 
change of microstructure, and change of crystal symmetry. On the contrary, the 
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dielectric loss tan  gradually increased with increasing the amount of BT templates. 
The tan  in BCZT-T-20% ceramic was about 1.8%. This suggests that the addition of 
BT templates increased the defects in the textured ceramics, thus increased the energy 
loss under alternating electric field. 
 
Figure 5.11 Variations of dielectric constant and dielectric loss of BCZT-T-x ceramics 
with increasing template content. 
 
 Figure 5.12 presents the temperature dependence of dielectric constant r  
measured under four different frequencies (100, 1k, 10k, and 100 kHz) for BCZT-T-x 
(x=0-20%) ceramics. Only one single peak is observed in each sample for each 
frequency, corresponding to the phase transition temperature Tm (i.e. Curie point Tc). 
The dielectric constants decreased with increasing frequency, which is consistent to the 
results shown in Figure 5.10. Although all the samples show a broaden dielectric 
constant peak, which is a characteristic of relaxor ferroelectrics, the Tm does not 
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change with changing the frequency. So the BCZT-T-x ceramics are not typical relaxor 
ferroelectric materials. They exhibit relaxor-like behavior with weak frequency 
dispersion. In addition, the broadening degree of the dielectric constant maxima varied 
with increasing template content, indicating a variation of the degree of diffuse phase 
transition. The detailed calculation and discussion will be present later in order to 
clarify the relaxor-like behavior of BCZT-T-x ceramics. Figure 5.13 shows the 
variation of phase transition temperature Tc with increasing BT template content. The 
Tc of randomly-oriented BCZT sample is as low as 60 °C, however, the Tc suddenly 
increased to 78 °C with adding 5 mol% of BT template, and further increased to 88 °C 
with increasing BT template to 10 mol%. The great increase of Tc should be attributed 
to the addition of BaTiO3 template particles which have higher Tc (130 °C [1]) than 
BCZT and the increased tetragonality in BCZT-T-5% and BCZT-T-10% ceramics. 
With further increase of BT template, the Tc only slightly increased to 90 °C at x=15% 
and 91 °C at x=20%. The slight increase with large amount of BT template may be due 
to the dissolve of BT template caused by the change of diffuse direction, which 
weakens the effect of BT. 




Figure 5.12 Temperature dependence of dielectric constant for the BCZT-T-x (x=0-
20%) ceramics at different frequencies (100-100 kHz): (a) x=0; (b) x=5%; (c) x=10%; 
(d) x=15%; (e) x=20%. 




Figure 5.13 Variation of Curie point Tc of BCZT-T-x (x=0-20%) ceramics as a 
function of BT template content. 
 
 The diffuse phase transition can be generally characterized by the broaden peak 
in the dielectric constant versus temperature curve, deviation from the Curie-Weiss law 
in the vicinity of Tc (Tm), and frequency dispersion of dielectric constant [106, 107, 
153]. The BCZT-T-x ceramics showed a broadening of dielectric constant maxima at 
Tm, but no frequency dependence of Tm, so the ceramics are not typical relaxor 
ferroelectrics. In order to study more deeply the relaxor-like behavior in the BCZT-T-x 
ceramics, the reciprocal of dielectric constant at 10 kHz versus temperature for all the 
samples are plotted in Figure 5.14. The symbols represent the experimental data and 
the solid lines indicate the fitting to the Curie-Weiss law (Equation 4.3). When the 
temperature is decreased from 150 °C, the inverse dielectric constant has a linear 
relationship with temperature, which obeys the Curie-Weiss law. However, when 
temperature is lower than TB, the curve starts to deviate from the Curie-Weiss law. The 
fitting of the parameters in the Curie-Weiss law are shown Table 5.2. The TB for 
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BCZT ceramics with 0, 5, 10, 15, and 20 mol% template content are 99, 107, 118, 120, 
and 123 °C, respectively. The difference between Tm and TB, mT , initially decreased 
from 39 °C in random BCZT ceramic to 29 °C in BCZT-T-5% ceramic, then slightly 
increased with further addition of BT templates. The decrease of degree of deviation 
from Curie-Weiss law is generally associated with the decrease of dielectric 
diffuseness and the decreased relaxor-like behavior [154].  
 
Figure 5.14 The plots of reciprocal of dielectric constant versus temperature at 10 kHz 
for BCZT-T-x ceramics: (a) x=0, (b) x=5%, (c) x=10%, (d) x=15%, and (e) x=20%. 
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 In order to further investigate the effect of template content on the diffuse 
phase transition of BCZT-T-x ceramics, a modified Curie-Weiss law, the Uchino and 
Nomura function (as shown in Equation 4.5), was used to fit the experimental data to 
obtain the degree of diffuseness,  . Figure 5.15 shows the plots of ln(1/ 1/ )m   
versus ln( )mT T  at 10 kHz for all the samples. The ln(1/ 1/ )m   varies linearly 
with ln( )mT T , which obeys the modified Curie-Weiss law. The γ is determined by 
the slope of the fitting line. The obtained γ values for all the samples are listed in Table 
5.2. With 5 mol% BT template, the γ decreased from 1.76 to 1.66, suggesting the 
decrease of the diffuseness and relaxor-like behavior of the BCZT-T-5% ceramic. 
With further increasing BT content, the γ increased monotonically, suggesting that the 
relaxor-like behavior became more profound. The γ values for BCZT-T-10%, BCZT-
T-15%, and BCZT-T-20% ceramics are 1.69, 1.71, and 1.76, respectively. BaTiO3 is 
commonly known as a normal ferroelectric. Small amount of BT addition may 
suppress the relaxor-like behavior in BCZT ceramics. However, large amount of BT 
addition will induce composition fluctuation and lead to changes in the local 
order/disorder, which will have effect on the transformation from normal ferroelectrics 
to relaxor ferroelectrics. This result corresponds with the result obtained from the 
deviation from the Curie-Weiss law. 




Figure 5.15 The plots of ln(1/ 1/ )m  as a function of ln( )mT T  at 10 kHz for the 
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Table 5.2: The Curie-Weiss temperature (Tcw), the temperature where the dielectric 
constant starts to follow Curie-Weiss law (TB), the temperature at the dielectric 
constant maximum (Tm), the deviation from Curie-Weiss law ( mT ), the Curie-Weiss 
constant (C), and the degree of diffuseness (γ) for BCZT-T-x (x=0-20%) ceramics at 
10 kHz. 
 BCZT-T-x 
x=0 x=5% x=10% x=15% x=20% 
Tcw (°C) 71 80 88 90 92 
TB (°C) 99 107 118 120 123 
Tm (°C) 60 78 88 90 91 
mT  (°C) 39 29 30 30 32 
C (×10
5
 °C) 1.84 1.8 2.11 2.05 1.62 
γ 1.76 1.66 1.69 1.71 1.76 
 
5.6 Piezoelectric Properties 
 Figure 5.16 shows the variation of piezoelectric properties (d33, kp, d31, k31), 
elastic compliance constant 11
ES , and mechanical quality factor Qm of BCZT-T-x 
ceramics as a function of template content. As shown in Figure 5.16 (a)-(d), the 
piezoelectric properties d33, kp, d31, and k31, all show a greatly increased value at 5 mol% 
of template and decreased gradually with continuous adding of BT template. Recalling 
the highest degree of orientation in BCZT-T-5% ceramic shown in Figure 5.5, the 
greatly enhanced piezoelectric properties should be ascribed to the remarkable 
improvement of texture fraction of <001> orientation with 5 mol% of BT template. 
The maximum values for d33, kp, d31, and k31 are 470 pC/N, 44%, 170 pC/N, and 22%, 
respectively. These values are relatively high compared with reported textured BT and 
BZT ceramics [68, 148] which should be ascribed to Ca substitution. However, the 
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piezoelectric properties decrease with continuous increase of template because the 
texture fraction of textured BCZT ceramics decreased with excessive templates. The 
variation of elastic compliance constant 11
ES  exhibits a similar trend to the piezoelectric 
properties, as shown in Figure 5.16 (e). The increased 11
ES  at x=5% suggests a 
softening of BCZT-T-5% ceramic. On the contrary, the Qm varies in an opposite way: 
decreasing with 5 mol% BT template and then increasing gradually, as shown in 
Figure 5.16 (f). The decrease of Qm is correlated with the increase of kp, which is 
similar to the observations in previous sections. It is worth noting that the textured 
ceramics with template more than 5 mol% still possess comparable properties with the 
randomly-oriented ceramics despite the decrease in density and grain size and the 
increase in porosity. The d33 values for textured BCZT ceramics with 10, 15, and 20 
mol% templates are 400, 370, and 360 pC/N, respectively. This may suggest a 
dominant effect of texture fraction on the piezoelectric properties of textured ceramics. 
As discussed previously, the Tc for textured BCZT ceramics with 5, 10, 15, and 20 mol% 
templates are 78, 88, 90, and 91 °C, respectively. Therefore, when high piezoelectric 
properties and moderate Tc are required, BCZT-T-5% ceramic can be selected; when 
high Tc and moderate piezoelectric properties are required, BCZT-T-10% ceramic can 
be selected. 




Figure 5.16 Composition dependence of electrical properties of BCZT-T-x (x=0-20%) 
ceramics: (a) piezoelectric charge constant d33, (b) planar electromechanical coefficient 
kp, (c) piezoelectric charge constant d31, (d) length mode electromechanical coupling 
factor k31, (e) elastic compliance constants 11
ES , and (f) mechanical quality factor Qm. 
 
  The improvement of piezoelectric properties with texture development can be 
explained by Figure 5.17. Grains A and B are two adjacent grains in a polycrystalline 
material with different spontaneous polarization. Since the spontaneous polarization of 
grain A is parallel to the external electric field, it will have the largest strain after 
poling treatment. Unfortunately, the difference between the strains of grains A and B 
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will result in a lower total strain, because the smaller strain of grain B will confine the 
deformation of grain A to reach the maximal strain. In textured materials, most of the 
grains have the same orientation with grain A, the strain difference is small, so a larger 
total strain than randomly-oriented material is expected, which results in a higher 
piezoelectric response. 
 
Figure 5.17 Directions of spontaneous polarization in grains A and B and the external 
electric field [4]. 
 
5.7 Ferroelectric Properties 
 Figure 5.18 shows the ferroelectric properties of BCZT-T-x (x=0-20%) 
ceramics measured under an electric field of 40 kV/cm at room temperature. As shown 
in Figure 5.18 (a), the textured BCZT ceramic with 5 mol% template exhibits the most 
rectangular P-E hysteresis loop and the highest remanent polarization Pr, suggesting 
that the ceramic has the best ferroelectric properties. This is probably due to the 
highest <001> orientation in this sample. According to Figure 5.18 (b), the Pr of 
BCZT-T-5% ceramic increased greatly from 6.2 µC/cm
2
 in BCZT ceramic to 9.6 
µC/cm
2
. However, the Pr gradually decreased with further increasing BT template. 
This may be because of the gradual decrease of degree of orientation with excessive 
addition of BT template. The value of Pr for BCZT-T-10%, BCZT-T-15%, and BCZT-
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T-20% ceramics are 8.5, 8.2, and 6.4 µC/cm
2
, respectively. On the other hand, the 
coercive field Ec increased from 2.1 kV/cm to 4.4 kV/cm and varied slightly. The 
increase of Ec may be ascribed to the increased defects caused by the formation of 
pores in textured BCZT ceramics. 
 
Figure 5.18 (a) P-E hysteresis loops of BCZT-T-x (x=0-20%) ceramics; (b) Variation 
of remanent polarization Pr and coercive field Ec of BCZT-T-x ceramics as a function 
of BT template content. 
 




 In this section, systematic investigation has been carried out on the textured 
(Ba0.85Ca0.15)(Ti0.9Zr0.1)O3 ceramics fabricated by templated grain growth using 
BaTiO3 template. The study was focused on the effects of different amounts of BT 
template on the structures and electrical properties of textured BCZT ceramics. Some 
important findings are summarized as follow: 
1. The BT template content has a great influence on the phase structure of the 
textured ceramics. The tetragonality increased with small amount of template 
(5% and 10%), while the phase changed to rhombohedral phase with large 
amount of template (15% and 20%). More importantly, the preferred 
orientation of <001> increased greatly with 5 mol% BT template. 
2. The microstructure examination exhibited the development of texture in the 
samples. The BCZT-T-5% ceramic showed the best texture structure with 
largest grains. The density decreased because of formation of pores. 
3. Significantly improved piezoelectric properties were achieved in textured 
ceramics with appropriate amount of template (5 mol%): d33=470 pC/N, d31= 
170 pC/N, kp=44% and k31=22%. In addition, the Curie point of the textured 
ceramics was increased with increasing BaTiO3 template. The BCZT-T-10% 
and BCZT-T-15% ceramics possess high Tc about 90 °C and high value of d33 
above 350 pC/N. 
4. Therefore, it is feasible to fabricate BCZT ceramics with appropriate 
combination of Tc and piezoelectric properties to meet different requirements 
by controlling the template content. Since the textured BCZT ceramics have 
better properties and higher Curie point than their randomly-oriented 
counterparts, it is a promising candidate for lead-free piezoelectric materials. 
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Chapter 6 Hot Press Sintering of (Ba,Ca)(Zr,Ti)O3 Ceramics 
6.1 Introduction 
 The bulk density and grain size are well known as critical factors to affect the 
electrical properties of sintered piezoelectric ceramics. In the previous study, the 
relative density of (Ba0.85Ca0.15)(Zr0.1Ti0.9)O3 ceramic is 94%. Because of the formation 
of pores in textured BCZT ceramic, its relative density even dropped to 93%. If the 
densities of these ceramics can be further raised, better electrical performance will be 
expected. Hot press sintering (HPS) offers an effective way to obtain very dense 
ceramics with very low content of porosity compared to the samples fabricated by 
conventional sintering process. Improved electrical properties in both lead-based [155-
157] and lead-free [23, 158, 159] piezoelectric ceramics have been widely reported. 
However, the application of hot press sintering in BaTiO3-based piezoelectric ceramics, 
especially BCZT system, is still blank. In our study, the effect of hot press sintering on 
randomly-oriented BCZT and textured BCZT ceramics are thoroughly studied. The 
investigation on the structure and electrical properties of hot press BCZT ceramics will 
be presented in the following sections. 
6.2 Hot Press Sintering of BCZT Ceramics 
6.2.1 Phase Structure 
 Figure 6.1 shows XRD patterns of BCZT ceramics prepared by normal method 
(indicated as BCZT hereafter) and hot press sintering (indicated as BCZT-HP 
hereafter). Both the samples have a pure pervoskite structure. No peak for second 
phase was detected by XRD in BCZT-HP ceramics. Therefore, the utilization of hot 
press sintering did not change the structure and introduce impurity. However, as shown 
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in the enlargement of XRD patterns, the splitting of (002)/(200) peaks at around 2θ=45° 
became less obvious, which may suggest a decrease of the tetragonality. The lattice 
parameters calculated from the XRD patterns are shown in Table 6.1. The a slightly 
increased, while the c slightly decreased, thus the c/a, which represents the 
tetragonality, slightly decreased. Since the compositions for the two samples and the 
temperatures and soaking times for the final sintering process are the same, the change 
of the lattice parameter may be caused by the change of internal stress due to the 
applying of hot press and the different heat treatment histories. However, the change is 
subtle.  
 
Figure 6.1 X-ray diffraction patterns for (a) BCZT and (b) BCZT-HP ceramics. 
 
Table 6.1 Lattice parameters for BCZT and BCZT-HP ceramics. 
 a (Å) c (Å) V (Å
3
) c/a 
BCZT 3.9990 4.0209 64.30 1.00548 
BCZT-HP 3.9999 4.0207 64.32 1.00520 




 Figure 6.2 shows the FE-SEM images of BCZT and BCZT-HP ceramics. It was 
found that the grain size of BCZT-HP sample is greatly increased compared with 
BCZT sample. The average grain size for BCZT sample is around 10 µm, and the 
average grain size for BCZT-HP sample increases to around 20 µm. Both the samples 
were sintered at 1,500 °C for 6 hrs in the final stage. The only difference is the 
introducing of the hot press sintering at 1,000 °C for 1 hr before the final sintering 
process. So the increase of the grain size may be due to the high pressure applied 
during sintering at 1,000 °C, which can effectively remove the pores and make the 
sample more compact. Therefore, the diffuse distances for the particles in hot-pressed 
sample will be shorter than in normal samples, thus larger grains are expected in hot-
pressed BCZT ceramics. The increased grain size resulted in an increase of density. 
The relative density increased from 94.4% in normal sample to 97.5% in hot pressed 
sample. This result indicates that the hot press sintering largely improves the 
densification, increases the grain size and the density of BCZT ceramics.  
 
Figure 6.2 FE-SEM images of (a) BCZT ceramics without hot press sintering and (b) 
BCZT ceramics with hot press sintering. 
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6.2.3 Dielectric Properties 
 Figure 6.3 shows the frequency dependence of dielectric constant 
r  and 
dielectric loss tan  of BCZT and BCZT-HP ceramics. The dielectric constants after 
poling for both samples are higher than before poling; and the dielectric losses after 
poling for both samples are smaller than before poling. This indicates that both the 
samples are well poled. The variation of 
r  and tan  with increasing frequency for 
both BCZT and BCZT-HP ceramics (before and after poling) are very similar to each 
other, because they have the same chemical composition. Furthermore, the r  of 
BCZT-HP ceramic are smaller than that of BCZT ceramic for both before and after 
poling. This may be due to the increased grain size in BCZT-HP ceramic. Because in 
BaTiO3 based ceramics, the dielectric constant shows a dependence on grain size in a 
certain range (1-100 µm) [160]. The dielectric constant decreases with the increase of 
grain size. On the other hand, the tan  of BCZT-HP ceramic are smaller than that of 
BCZT ceramic for both measurements before and after poling. This should be ascribed 
to the reduction of defects in BCZT-HP ceramic, so that the energy loss is reduced. 




Figure 6.3 Dielectric constant r  and dielectric loss 
tan of BCZT and BCZT-HP 
ceramics measured at room temperature as a function of frequency. 
 
 Figure 6.4 exhibits the temperature dependence of dielectric constant r  of 
BCZT and BCZT-HP ceramics at a temperature range of 30-150 °C for various 
measuring frequencies (100, 1k, 10k, and 100 kHz). In both samples, only one 
dielectric peak is observed in the examined temperature range. The peak should 
correspond to the phase transition of tetragonal-cubic (Tc). The Tc did not change with 
the frequency; however, the phase transition temperature around Tc is broader 
compared with normal ferroelectrics, which may suggest the diffuse phase transition in 
the BCZT and BCZT-HP ceramics. And the dielectric peak of BCZT-HP ceramic is 
sharper than that of BCZT ceramic, which may suggest decreased diffuse phase 
transition in BCZT-HP ceramic. Therefore, the BCZT and BCZT-HP ceramics showed 
a weak frequency dispersion of dielectric constant and a diffuse phase transition. 
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Moreover, the dielectric constant decreased with the increase of measuring frequency, 
which is consistent with previous results. In addition, the BCZT-HP ceramic shows a 
higher dielectric constant at Curie point and a lower dielectric constant at room 
temperature compared with BCZT ceramic. This is due to the formation of multiple 
domains in large grain. The motion of domain walls results in an increase of dielectric 
constant at Tc. For BCZT ceramic with small grains, the motion of the domain walls is 
hindered by the grain boundary, resulting in a lower dielectric constant at Tc [161]. 
Another pleasant surprise is the increased Tc for BCZT-HP ceramics. The Tc 
significantly increased from 60 °C in normal sample to 76 °C in hot pressed sample, 
which greatly extends the working temperature range of the material. The increase of 
Tc in hot pressed sample can be explained by the internal stress, which has a great 
influence on the ferroelectric to paraelectric phase transition [162-164]. In the BCZT-
HP ceramic, the grain size is larger and the vacancies are less compared with BCZT 
ceramic, which results in a reduced internal stress, thus increases the Curie point.  
 
Figure 6.4 Temperature dependences of dielectric constant of BCZT and BCZT-HP 
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 In order to study the relaxor-like behavior of BCZT-HP ceramic quantitatively, 
the variation of dielectric constant with temperature was fitted according to Curie-
Weiss law (as shown in Equation 4.3). Figure 6.5 illustrates the plots of inverse 
dielectric constant (10
4/ε) at 10 kHz versus temperature for BCZT and BCZT-HP 
ceramics. The fitting results with Curie-Weiss law are listed in Table 6.2. It can be 
found that the deviation from the Curie-Weiss law mT  decreased from 39 °C in 
BCZT ceramic to 34 °C in BCZT-HP ceramic. This result may indicate that the diffuse 
phase transition behavior has been weakened with hot press sintering.  
 
Figure 6.5 Inverse dielectric constant ( 410  ) at 10 kHz as a function of temperature 
for BCZT (a) and BCZT-HP (b) ceramics. 
 
 In order to confirm the effect of hot press sintering on the relaxor-like behavior 
in BCZT ceramics, the plots of ln(1/ 1/ )m   versus ln( )mT T  at 10 kHz for the 
BCZT and BCZT-HP ceramics are shown in Figure 6.6. The degrees of diffuseness γ 
for BCZT and BCZT-HP are 1.76 and 1.74, respectively. This result agrees with the 
result from mT . This should be ascribed to the grain size dependence of relaxor 
behavior in relaxor ferroelectrics [165-167]. The decrease of relaxation strength in 
BCZT-HP ceramics should be due to the lower stress in larger grains. 




Figure 6.6 ln(1/ 1/ )m   as a function of ln( )mT T  at 10 kHz for (a) BCZT and (b) 
BCZT-HP ceramics. 
 
Table 6.2 The Curie-Weiss temperature (Tcw), the temperature where the dielectric 
constant starts to follow Curie-Weiss law (TB), the temperature at the dielectric 
constant maximum (Tm), the deviation from Curie-Weiss law ( mT ), the Curie-Weiss 
constant (C), and the degree of diffuseness (γ) for BCZT and BCZT-HP ceramics at 10 
kHz. 
 Tcw (°C) TB (°C) Tm (°C) mT  (°C) C (×10
5
 °C) γ 
BCZT 71 99 60 39 1.84 1.76 
BCZT-HP 85 110 76 34 1.82 1.74 
 
6.2.4 Piezoelectric Properties 
 Table 6.3 lists the piezoelectric properties of BCZT and BCZT-HP ceramics. 
The piezoelectric properties has been dramatically improved in BCZT-HP ceramic 
with d33=510 pC/N, kp=44%, d31= 182 pC/N, k31=23%. These values are relatively 
high in BaTiO3-based ceramics. The improvement of piezoelectric properties in 
BCZT-HP ceramic can be explained by the increased grain size and density. On the 
other hand, the mechanical quality factor Qm and elastic compliance factor 11
ES  slightly 
decreased in hot pressed sample.  
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BCZT 350 33% 122 16% 80 14.2 
BCZT-HP 510 44% 182 23% 66 13.6 
 
6.2.5 Ferroelectric Properties 
 Figure 6.7 shows the ferroelectric P-E hysteresis loops of BCZT and BCZT-HP 
ceramics measured under 40 kV/cm at room temperature. Both the samples showed 
well-saturated hysteresis loops. The remanent polarization Pr of BCZT-HP was 
increased from 6.2 µC/cm
2
 in BCZT ceramic to 7.2 µC/cm
2
; while the coercive field 
Ec remained nearly unchanged at around 2 kV/cm. This should be due to the large 
grain size in BCZT-HP ceramic. The dependence of ferroelectric properties on the 
grain size is consistent with previous research [168], which implies that the grain size 
effect plays an important role in the domain switching of BCZT ceramics. 
 
Figure 6.7 The polarization versus electric field (P-E) hysteresis loops of BCZT and 
BCZT-HP ceramics. 
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6.3 Hot Press Sintering of Textured BCZT Ceramics 
6.3.1 Phase Structure 
 Figure 6.8 shows the XRD patterns of textured BCZT ceramics prepared by 
normal sintering (indicated as BCZT-T hereafter) and textured BCZT ceramics 
prepared by hot press sintering (indicated as BCZT-T-HP hereafter). The BCZT-T and 
BCZT-T-HP ceramics show similar XRD patterns, implying that the application of hot 
press sintering did not change the structure of the textured BCZT ceramics. Both the 
ceramics have a single perovskite structure without additional peaks of secondary 
phase, indicating that the ceramics were well sintered. As shown in the enlargement of 
XRD pattern from 2θ of 44° to 46°, the separation between (002) and (200) peaks 
became smaller in BCZT-T-HP ceramic compared with BCZT-T ceramic, suggesting a 
decreased tetragonality in hot pressed sample. The lattice parameters for both samples 
are listed in Table 6.4. The tetragonality decreased from 1.00754 in BCZT-T ceramic 
to 1.00686 in BCZT-T-HP ceramic. This slight change of lattice parameters may be 
attributed to the high press during sintering process. Furthermore, the degree of <001> 
orientation increased from 82% in BCZT-T ceramic to 85% in BCZT-T-HP ceramic. 
This is because the applied high press will prevent the reorientation of BT template 
particles during heating process. 




Figure 6.8 XRD patterns of (a) BCZT-T and (b) BCZT-T-HP ceramics. 
 
Table 6.4 Lattice parameters for BCZT-T and BCZT-T-HP ceramics. 
 a (Å) c (Å) V (Å
3
) c/a 
BCZT-T 3.9905 4.0206 64.02 1.00754 
BCZT-T-HP 3.9946 4.0220 64.18 1.00686 
 
6.3.2 Microstructure 
 Figure 6.9 exhibits the FE-SEM images of surfaces and cross sections for 
BCZT-T and BCZT-T-HP ceramics. The grain sizes for BCZT-T and BCZT-T-HP 
ceramics are nearly the same, as revealed in Figure 6.9 (a) and (b). The increase of 
grain size is not very big compared with the BCZT-HP ceramics discussed in the 
previous section, which may be explained by the presence of BaTiO3 template particles 
impeding the further grain growth. However, the porosity of BCZT-T ceramic was 
reduced by hot press sintering. In addition, as shown in Figure 6.9 (c) and (d), the 
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BCZT-T and BCZT-T-HP ceramics both developed good texture structure due to the 
addition of BaTiO3 template particles. It can also be observed that the porosity in 
BCZT-T-HP ceramic was reduced. Consequently, the relative density increased from 
93.7% in BCZT-T ceramic to 95.7% in BCZT-T-HP ceramic. The result suggests that 
hot press sintering is an effective method to improve the densification of textured 
ceramics. 
 
Figure 6.9 FE-SEM images: (a) surface of BCZT-T; (b) surface of BCZT-T-HP; (c) 
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6.3.3 Dielectric Properties 
 The frequency dependence of the dielectric constant 
r  and the dielectric loss 
tan  in a frequency range from 100 Hz to 100 kHz was tested for the BCZT-T and 
BCZT-T-HP ceramics in both unpoled state and poled state. The results are shown in 
Figure 6.10. The 
r  and tan  of BCZT-T and BCZT-T-HP ceramics showed similar 
frequency dependency. The 
r  in poled state increased compared with unpoled state, 
and the tan  in poled state decreased compared with unpoled state, suggesting the 
high mobility of domain walls in both samples. However, the r  of BCZT-T-HP 
ceramic in both unpoled and poled states were smaller than those of BCZT-T ceramic; 
while the tan  of BCZT-T-HP ceramic slightly increased, but all the losses were 
smaller than 2%. The variations of dielectric constant and dielectric loss may be due to 
the different stresses in BCZT-T and BCZT-T-HP ceramics [166].  
 
Figure 6.10 Frequency dependence of dielectric constant and dielectric loss for BCZT-
T and BCZT-T-HP ceramics in unpoled and poled states. 
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 Figure 6.11 shows the temperature dependence of dielectric constant 
r  in a 
temperature range from 30 °C to 150 °C for BCZT-T and BCZT-T-HP ceramics. Both 
the ceramics show weak frequency dispersion and diffuse phase transition, but the 
BCZT-T-HP ceramic shows a sharper dielectric peak, suggesting a decreased 
relaxation strength. The 
r  of BCZT-T-HP ceramic is smaller than BCZT-T near room 
temperature; however, it is higher than BCZT-T at Tc. This can be explained by the 
internal stressed, as discussed in Section 6.2.3. Since the grain size did not change 
much in this case, the origin of the reduced internal stresses may be ascribed to the 
decrease of tetragonality in BCZT-T-HP ceramic. Most importantly, the Tc 
significantly increased from 78 °C in BCZT-T ceramic to 90 °C in BCZT-T-HP 
ceramic. So the hot press sintering is an effective method to increase Tc in both BCZT 
and BCZT-T ceramics. This result suggests that BCZT-T-HP ceramic is a promising 
lead-free candidate which can be used in higher temperature than other BCZT 
ceramics.  
 
Figure 6.11  Temperature dependences of dielectric constant of BCZT-T and BCZT-
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 The deviation from Curie-Weiss law (Equation 4.3) is demonstrated in Figure 
6.12 in order to investigate the diffuse phase transition and relaxation of BCZT-T and 
BCZT-T-HP ceramics. The reciprocal of dielectric constant was plotted versus 
temperature. The mT  was determined with the fitting with experimental data. The 
mT  of BCZT-T-HP ceramic was decreased from 29 °C in BCZT-T to 25 °C, 
suggesting that the BCZT-T-HP ceramic has weaker diffuse phase transition and 
relaxor-like behavior compared with BCZT-T ceramic. This observation is consistent 
with the results in Section 6.2.3. The other fitting results with Curie-Weiss law are 
listed in Table 6.5. 
 
Figure 6.12 The plots of reciprocal of dielectric constant as a function of temperature 
for BCZT-T and BCZT-T-HP ceramics. 
 
Table 6.5: The Curie-Weiss temperature (Tcw), the temperature where the dielectric 
constant starts to follow Curie-Weiss law (TB), the temperature at the dielectric 
constant maximum (Tm), the deviation from Curie-Weiss law ( mT ), the Curie-Weiss 
constant (C), and the degree of diffuseness (γ) for BCZT-T and BCZT-T-HP ceramics 
at 10 kHz. 
 Tcw (°C) TB (°C) Tm (°C) mT  (°C) C (×10
5
 °C) γ 
BCZT-T 80 107 78 29 1.8 1.66 
BCZT-T-HP 94 115 90 25 1.67 1.6 
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 Quantitative study of the diffuseness was performed using a modified Curie-
Weiss law (Equation 4.4). Figure 6.13 illustrates the plots of ln(1/ 1/ )m   versus 
ln( )mT T  at 10 kHz for the BCZT-T and BCZT-T-HP ceramics. A linear relationship 
is obtained for both samples. The BCZT-T-HP ceramic has a smaller degree of 
diffuseness γ (1.6) than BCZT-T (1.66), suggesting a weakened diffuse phase 
transition and relaxor-like behavior. This may be due to the lower internal stresses in 
BCZT-T-HP ceramic caused by the smaller tetragonality. In addition, the formation of 
texture will decrease the stability of microdomain in BCZT ceramic and lower the 
required energy for microdomain- macrodomain transition, giving rise to the decrease 
of relaxor-like behavior [169]. Since the BCZT-T-HP ceramic has a higher texture 
fraction, its relaxor-like behavior is weaker than BCZT-T ceramic. This result confirms 
the result shown in Figure 6.12. Therefore, the utilization of hot press sintering can 
weaken the diffuse phase transition and relaxor-like behavior in both BCZT and 
BCZT-T ceramics. 
 
Figure 6.13 The plots of ln(1/ 1/ )m   versus ln( )mT T  at 10 kHz for the BCZT-T 
and BCZT-T-HP ceramics. 
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6.3.4 Piezoelectric Properties 
 The piezoelectric properties of BCZT-T and BCZT-T-HP ceramics are listed in 
Table 6.6. The piezoelectric properties of BCZT-T-HP ceramic were greatly enhanced 
because of the densification and the increased <001> orientation. The optimal 
properties are d33=580 pC/N, kp=49%, d31= 204 pC/N, k31=31%. These values are the 
best among the BCZT ceramics developed in this study. In addition, the mechanical 
quality factor Qm was slightly increased and the elastic compliance factor  11
ES   was 
slightly decreased in BCZT-T-HP ceramics compared with BCZT-T ceramics.  













BCZT-T 470 44% 170 22% 61 14.9 
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6.3.5 Ferroelectric Properties 
 The ferroelectric properties of BCZT-T and BCZT-T-HP ceramics were 
measured under an electric field of 40 kV/cm at room temperature. The polarization 
versus electric field (P-E) hysteresis loops are illustrated in Figure 6.14. The loop 
shapes for both samples are nearly the same. However, the remanent polarization Pr in 
BCZT-T-HP was increased from 9.6 µC/cm
2
 to 10.4 µC/cm
2
 and the coercive electric 
field Ec was increased from 2.1 kV/cm to 3.7 kV/cm. This result indicates that the hot 
press sintering can improve the ferroelectric properties to a certain extent; however the 
improvement is quite limited, suggesting that the effect of hot press sintering on 
ferroelectric properties is less profound than that on piezoelectric properties. 
 
Figure 6.14 Polarization versus electric field (P-E) loops for BCZT-T and BCZT-T-
HP ceramics. 
 




 In this chapter, the effects of hot press sintering (HPS) on the structure, 
electrical properties, and Curie point of (Ba0.85Ca0.15)(Zr0.1Ti0.9)O3 and textured 
(Ba0.85Ca0.15)(Zr0.1Ti0.9)O3 ceramics were systematically investigated. The hot press 
sintering has been proved to be an effective method to further improve the electrical 
properties and Curie point of BCZT and textured BCZT ceramics. The results suggest 
that BCZT and textured BCZT ceramics fabricated by HPS are promising lead-free 
candidate which are usable in higher temperature. The main conclusions are as follow: 
1. Because of the high pressure applied during the heating process, the density 
and grain size were greatly increased in BCZT ceramics prepared by HPS. In 
addition, the phase structure was slightly changed with small decrease of 
tetragonality. The relaxor-like behavior in hot-pressed sample was weaker than 
normal sample. The Curie point was greatly increased from 60 °C to 76 °C. 
Due to the increased density and grain size, the piezoelectric properties of 
BCZT-HP ceramics were significantly enhanced with d33=510 pC/N, kp=44%, 
d31= 182 pC/N, and k31=23%. The ferroelectric properties were slightly 
improved. 
2. Although the grain size was not increased much, the density of BCZT-T-HP 
ceramic was also greatly increased due to the utilization of HPS. The 
tetragonality was decreased and the degree of orientation was increased. The 
relaxor-like behavior was weakened in hot pressed sample. The Curie point 
was drastically increased from 78 °C to 90 °C. Due to the increased density and 
grain orientation, the BCZT-T-HP ceramic exhibits excellent piezoelectric 
properties of d33=580 pC/N, kp=49%, d31= 204 pC/N, and k31=31%. The 
ferroelectric properties were also increased to a certain extent. 
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Chapter 7 Conclusions and Recommendations 
7.1 Conclusions 
 In this work, lead-free piezoelectric ceramics with high performance, including 
chemically-modified BCZT ceramics, textured BCZT ceramics, and hot-pressed BCZT 
ceramics were fabricated. Their phase structure, microstructure, dielectric properties, 
and piezoelectric properties were systematically investigated. Excellent results were 
obtained in this study compared with previous studies on BaTiO3-based piezoelectric 
ceramics, suggesting that BCZT is a promising candidate of lead-free piezoelectric 
material to replace PZT. The conclusions of this study are summarized as follows: 
1. BCZT ceramics with different Ca contents were fabricated by a conventional 
solid state reaction. The effects of Ca substitution on the properties of BCZT 





, the BCZT ceramics underwent a phase transition from 
rhombohedral phase to tetragonal phase with the increase of Ca content. An 
MPB between rhombohedral phase and tetragonal phase may exist at around 15 
mol% of Ca substitution. In addition, the Ca substitution improved the 
densification of the BCZT ceramics, decreased the porosity, increased the 
relative density, and made the grain-size distribution more uniform. The BCZT 
ceramic with 15 mol% of Ca substitution exhibited the most homogenous 
microstructure with the largest grains. The dielectric measurement supported 
the existence of MPB. The dielectric constant of BCZT ceramics obeyed the 
modified Curie-Weiss law. The relaxor-like behavior was enhanced with 
increasing Ca content. Therefore, because of the effects of MPB, grain size and 
relaxor-like behavior, the dielectric, piezoelectric, and ferroelectric properties 
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of BCZT ceramics can be greatly improved by appropriate substitution amount. 
The optimal properties has been obtained at 15 mol% Ca substitution with 
r
=5,800, d33=350 pC/N, kp=33%, d31= 122 pC/N, k31=16%, Pr=6.2 μC/cm
2
, and 
Ec=2.1 kV/cm. Unfortunately, the Tc of BCZT ceramics is as low as 60 °C, 
which narrows the working temperature range. But the ceramics still can be 
used to produce piezoelectric devices which work under ambient temperature.  
2. LiNbO3 was selected to dope into BCZT in order to increase the Curie point of 
BCZT ceramics. Conventional solid state reaction was used to fabricate BCZT-
LN ceramics. The effects of LN doping on the phase structure, microstructure, 
electrical properties and Curie point of BCZT ceramics were systematically 
investigated. Due to the large lattice distortion caused by LN doping, the 
BCZT-xLN ceramics went through several phase transitions. With 0.25 mol% 
LN doping, the BCZT ceramics transfer from a coexistence of rhombohedral 
phase and tetragonal phase to an orthorhombic phase. With further increase of 
LN doping, BCZT-xLN ceramics underwent another phase transition to 
tetragonal phase. An MPB between orthorhombic phase and tetragonal phase 
may exist at around 0.5 mol% LN doping. Moreover, the addition of LN 
induced a liquid phase sintering which facilitate the grain growth and 
densification. With excessive LN doping, the large lattice distortion and the 
pores caused by the evaporation of LN prohibit the grain growth, resulting in a 
poor microstructure with small grains and large pores. The dielectric relaxor 
behavior was weakened with small amount of LN doping, and enhanced with 
further increase of doping. The highest Curie point Tc of 83 °C was achieved in 
BCZT-0.5%LN ceramics, which is much higher than Tc of BCZT ceramics. 
The piezoelectric and ferroelectric properties all dramatically improved with 
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0.5 mol% of LN doping, due to the formation of another MPB. The optimized 
properties are r =5,300, d33=500 pC/N, kp=49%, d31= 215 pC/N, k31=24%, 
Pr=11.2 μC/cm
2
, and Ec=2.0 kV/cm. Consequently, the amount of LN doping 
should be precisely controlled since it has a tremendous influence on the 
electrical properties. From the obtained results, the electrical properties all 
achieve the best values at 0.5 mol% LN doping with a highly increased Curie 
point of 83 °C, demonstrating that the BCZT-0.5%LN ceramics can be used in 
piezoelectric devices which require high performance and high working 
temperature. 
3. The physical properties of materials are also greatly influenced by the grain 
orientation. The electrical properties of BCZT ceramics are expected to be 
further improved by utilizing templated grain growth. The <001> textured 
BCZT lead-free piezoelectric ceramics were successfully prepared by 
templated-grain growth (TGG) method using BaTiO3 plate-like particles as the 
template. The degree of orientation and the microstructure of the ceramics with 
different amounts of template were investigated. The electrical properties of the 
textured ceramics in the optimized condition were dramatically enhanced as 
compared to the randomly-oriented BCZT ceramics. The textured BCZT 
ceramics showed high piezoelectric constants d33=470 pC/N and d31= 170 
pC/N, and high electromechanical coupling factors kp=44% and k31=22%. 
Another important finding is the increased Tc of the textured ceramics with 
increasing BaTiO3 template. The textured BCZT ceramics with 10 and 15 mol% 
template show much higher Tc (~90 °C) and comparable properties with the 
random ceramics. Therefore, it is feasible to fabricate BCZT ceramics with 
appropriate combination of Tc and piezoelectric properties to meet different 
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requirements by controlling the template content.  These results suggest that the 
templated grain growth method is an effective method to develop highly-
textured BCZT ceramics. The textured BCZT ceramics with increased 
electrical properties and Curie point can be used in situations which require 
higher piezoelectric properties and higher working temperature.  
4. It is widely believed that the electric properties of piezoelectric ceramics are 
closely related to the density of the ceramics. The piezoelectric properties of 
BCZT and textured BCZT ceramics are expected to be further improved by 
increasing their density by a hot press sintering method. Dense BCZT and 
textured BCZT ceramics with very low content of porosity were successfully 
fabricated with hot press sintering. The density and grain size of BCZT were 
increased. Excellent piezoelectric properties were obtained in BCZT-HP 
ceramics with d33=510 pC/N, kp=44%, d31= 182 pC/N, and k31=23%. The 
density and grain orientation of textured BCZT were increased. The 
piezoelectric properties of BCZT-T-HP ceramics were dramatically improved 
with d33=580 pC/N, kp=49%, d31= 204 pC/N, and k31=31%. The Curie points 
for BCZT-HP and BCZT-T-HP ceramics are 76 °C and 90 °C, respectively, 
which are greatly increased compared to their counterparts. Therefore, BCZT 
and textured BCZT ceramics fabricated with hot press sintering have high 









 Although the lead-free BCZT ceramics with excellent piezoelectric properties 
have been successfully fabricated, and the systematic investigations may shed some 
light on understanding of the effects of dopants, templated grain growth and hot press 
sintering on the electrical properties of BCZT ceramics, there are still some limitations 
in this study, and some further studies need to be done in future. 
1. The sintering temperature and soaking time are considered to be critical factors 
influencing the electrical properties of piezoelectric ceramics. The sintering 
parameters can affect the density, microstructure and textured development of 
BCZT ceramics. However, the sintering conditions for all the ceramics 
fabricated in our work are the same. Therefore, more detailed investigation on 
different sintering conditions should be carried out in the future study. 
2. Although increased Curie points are obtained in LiNbO3 doped, textured and 
hot-pressed BCZT ceramics, their Curie points are still quite low compared 
with the Curie point of PZT. In order to use in rather high temperature, the 
Curie point of BCZT needs to be further increased without decreasing the 
electrical properties. Some compounds, for example BiScO3, Bi(Mg,Ti)O3 and 
(K,Na)NbO3, may be useful for this purpose.  
3. Our work only studied the ceramic materials. The most piezoelectric devices 
use thin film, such as piezoelectric micro-actuator, micro-sensor, and MEMS. 
The study of thin film is of great importance for devices application. Future 
work should be carried out to systematically investigate the BCZT thin film. 
Pulse laser deposition may be an effective method to fabricate BCZT thin film. 
4. Transparent ferroelectric ceramics can be used in electro-optical devices 
including modulators, optical switchers, and image memory devices. The most 
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widely used material is (Pb,La)(Zr,Ti)O3. It is of great interest to replace it with 
lead-free materials due to the environmental concern. BCZT could be a suitable 
candidate; however, the low optical transparency may prevent its realization. 
Hot press sintering can be used to improve optical transparency of BCZT 
ceramics by achieving full densification and uniform grain size. The study of 
transparent BCZT ceramics prepared by hot press sintering is recommended as 




1.  B. Jaffe, W.R. Cook, H.L. Jaffe, Piezoelectric Ceramics, Academic Press, 
London, 1971. 
2.  U. Kenji, Piezoelectric Actuators and Ultrasonic Motors, Kluwer Academic 
Publishers, Boston, 1997. 
3.  U. Kenji, Ferroelectric Devices, Marcel Dekker, New York, 2000. 
4.  Z.-G. Ye, Handbook of advanced dielectric, piezoelectric and ferroelectric 
materials: Synthesis, properties and applications, CRC Press, Boca Raton, 2008. 
5.  http://en.wikipedia.org/wiki/Piezoelectricity 
6.  J.N. Gordon, A. Taylor, P.N. Bennett, Br. J. Clin. Pharmacol. 53 (2002) 451-
458. 
7.  J. Rodel, W. Jo, K.T.P. Seifert, E.-M. Anton, T. Granzow, D. Damjanovic, J. 
Am. Ceram. Soc. 92 (2009) 1153-1177. 
8.  E. Cross, Nature 432 (2004) 24-25. 
9.  T. Takenaka, H. Nagata, J. Eur. Ceram. Soc. 25 (2005) 2693-2700. 
10.  P.K. Panda, J. Mater. Sci. 44 (2009) 5049-5062. 
11.  T. Takenaka, H. Nagata, Y. Hiruma, Y. Yoshii, K. Matumoto, J. Electroceram. 
19 (2007) 259-265. 
12.  S.J. Zhang, R. Xia, T.R. Shrout, Appl. Phys. Lett. 91 (2007). 
13.  X. Wang, H.L.-W. Chan, C.-L. Choy, J. Am. Ceram. Soc. 86 (2003) 1809-1811. 
14.  H.L. Du, W.C. Zhou, F. Luo, D.M. Zhu, S.B. Qu, Y. Li, Z.B. Pei, J. Appl. Phys. 
104 (2008). 




16.  Y.J. Dai, S.J. Zhang, T.R. Shrout, X.W. Zhang, J. Am. Ceram. Soc. 93 (2010) 
1108-1113. 
17.  P. Zheng, J.L. Zhang, S.F. Shao, Y.Q. Tan, C.L. Wang, Appl. Phys. Lett. 94 
(2009) 032902. 
18.  E. Sabolsky, L. Maldonado, M. Seabaugh, S. Swartz, J. Electroceram. (2009). 
19.  Y. Chang, S.F. Poterala, Z. Yang, S. Trolier-McKinstry, G.L. Messing, Appl. 
Phys. Lett. 95 (2009) 232905. 
20.  Wei Zhao, Jing Ya, Ying Xin, Lie E, Dan Zhao, Heping Zhou, J. Am. Ceram. 
Soc. 92 (2009) 1607-1609. 
21.  H. Takahashi, Y. Numamoto, J. Tani, S. Tsurekawa, Jpn. J. Appl. Phys., Part 1 
45 (2006) 7405-7408. 
22.  T. Maeda, N. Takiguchi, M. Ishikawa, T. Hemsel, T. Morita, Mater. Lett. 64 
(2010) 125-128. 
23.  R. E. JAEGER, L. EGERTON, J. Am. Ceram. Soc. 45 (1962) 209-213. 
24.  P.W. Rehrig, S.E. Park, S. Trolier-McKinstry, G.L. Messing, B. Jones, T.R. 
Shrout, J. Appl. Phys. 86 (1999) 1657-1661. 
25.  W. Liu, X. Ren, Phys. Rev. Lett. 103 (2009) 257602. 
26.  S.W. Zhang, H.L. Zhang, B.P. Zhang, S. Yang, J. Alloys Compd. 506 (2010) 
131-135. 
27.  W. Li, Z. Xu, R. Chu, P. Fu, G. Zang, J. Am. Ceram. Soc. 93 (2010) 2942-2944. 
28.  D.Z. Xue, Y.M. Zhou, H.X. Bao, C. Zhou, J.H. Gao, X.B. Ren, J. Appl. Phys. 
109 (2011). 




30.  A. Safari, E.K. Akdogan., Piezoelectric and acoustic materials for transducer 
applications, Springer, New York, 2008. 
31.  Piezoelectric ceramics : principles and applications, APC International Ltd., 
Mackeyville, PA, 2003. 
32.  X. Yuhuan, Ferroelectric Materials and Their Applications, North-Holland, 
Amsterdam, 1991. 
33.  G. Gautschi, Piezoelectric sensorics : force, strain, pressure, acceleration and 
acoustic emission sensors, materials and amplifiers, Springer, Berlin, 2002. 
34.  http://www.piezocryst.com/piezoelectric_sensors.php 
35.  H. Hashiguchi, Y. Egashira, H. Furukawa, T. Endo, T. Kosaka, K. Kosaka, K. 
Uozumi, M. Watanabe, T. Yamakawa, N. Miyata, A. Nakada, H. Kubota, T. 
Ohmi, Jpn. J. Appl. Phys., Part 1 44 (2005) 3307-3312. 
36.  M. Yoichi, NEC Technical Journal 1 (2006). 
37.  http://www.ndt-ed.org/index_flash.htm 
38.  X.M. Chen, H.Y. Ma, W. Ding, Y. Zhang, X.G. Zhao, X. Liang, P. Liu, J. Am. 
Ceram. Soc. 94 (2011) 3364-3372. 
39.  L.N. Zhang, R.Q. Chu, S.C. Zhao, G.R. Li, Q.R. Yin, Materials Science and 
Engineering B-Solid State Materials for Advanced Technology 116 (2005) 99-
103. 
40.  H. Igarashi, K. Matsunaga, T. Taniai, K. Okazaki, Am. Ceram. Soc. Bull. 57 
(1978) 815-817. 
41.  http://journals.iucr.org/b/issues/2006/06/00/ws5047/ws5047fig1.html 
42.  Y. Saito, H. Takao, T. Tani, T. Nonoyama, K. Takatori, T. Homma, T. Nagaya, 
M. Nakamura, Nature 432 (2004) 84-87. 
 146 
 
43.  J.L. Zhang, X.J. Zong, L. Wu, Y. Gao, P. Zheng, S.F. Shao, Appl. Phys. Lett. 
95 (2009) 022909. 
44.  B.-Q. Ming, J.-F. Wang, P. Qi, G.-Z. Zang, J. Appl. Phys. 101 (2007) 054103. 
45.  Y.F. Chang, Z.P. Yang, L.R. Xiong, Z.H. Liu, Z.L. Wang, J. Am. Ceram. Soc. 
91 (2008) 2211-2216. 
46.  Z.P. Yang, Y.F. Chang, L.L. Wei, Appl. Phys. Lett. 90 (2007). 
47.  M.D. Maeder, D. Damjanovic, N. Setter, Lead free piezoelectric materials, in, 
Cambridge, MA, 2003, pp. 385-392. 
48.  Cheol-Woo Ahn, Chee-Sung Park, Chang-Hak Choi, Sahn Nahm, Myong-Jae 
Yoo, Hyeung-Gyu Lee, Shashank Priya, J. Am. Ceram. Soc. 9999 (2009). 
49.  E. Li, H. Kakemoto, S. Wada, T. Tsurumi, J. Am. Ceram. Soc. 90 (2007) 1787-
1791. 
50.  H.E. Mgbemere, R.P. Herber, G.A. Schneider, J. Eur. Ceram. Soc. 29 (2009) 
1729-1733. 
51.  F. Rubio-Marcos, J.J. Romero, M.G. Navarro-Rojero, J.F. Fernandez, J. Eur. 
Ceram. Soc. 29 (2009) 3045-3052. 
52.  M. Matsubara, K. Kikuta, S. Hirano, J. Appl. Phys. 97 (2005). 
53.  Z.-Y. Shen, J.-F. Li, K. Wang, S. Xu, W. Jiang, Q. Deng, J. Am. Ceram. Soc. 
9999 (2010). 
54.  C.R. Zhou, X.Y. Liu, W.Z. Li, C.L. Yuan, G.H. Chen, Curr. Appl Phys. 10  93-
98. 
55.  C.R. Zhou, X.Y. Liu, W.Z. Li, C.L. Yuan, Mater. Chem. Phys. 114 (2009) 832-
836. 
56.  W. Zhao, H.P. Zhou, Y.K. Yan, Mater. Lett. 62 (2008) 1219-1222. 
 147 
 
57.  T. Takenaka, K. Maruyama, K. Sakata, Jpn. J. Appl. Phys., Part 1 30 (1991) 
2236-2239. 
58.  A. Sasaki, T. Chiba, Y. Mamiya, E. Otsuki, Jpn. J. Appl. Phys., Part 1 38 (1999) 
5564-5567. 
59.  H.-Y. Park, C.-W. Ahn, H.-C. Song, J.-H. Lee, S. Nahm, K. Uchino, H.-G. Lee, 
H.-J. Lee, Appl. Phys. Lett. 89 (2006) 062906. 
60.  B.J. Chu, D.R. Chen, G.R. Li, Q.R. Yin, J. Eur. Ceram. Soc. 22 (2002) 2115-
2121. 
61.  Z. Yu, C. Ang, R.Y. Guo, A.S. Bhalla, J. Appl. Phys. 92 (2002) 1489-1493. 
62.  Z. Yu, C. Ang, R. Guo, A.S. Bhalla, Mater. Lett. 61 (2007) 326-329. 
63.  N. Nanakorn, P. Jalupoom, N. Vaneesorn, A. Thanaboonsombut, Ceram. Int. 
34 (2008) 779-782. 
64.  H.X. Bao, C. Zhou, D.Z. Xue, J.H. Gao, X.B. Ren, J. Phys. D-Appl. Phys. 43 
(2010). 
65.  W. Li, Z.J. Xu, R.Q. Chu, P. Fu, G.Z. Zang, Phys. B 405 (2010) 4513-4516. 
66.  T. Karaki, K. Yan, T. Miyamoto, M. Adachi, Japanese Journal of Applied 
Physics Part 2-Letters & Express Letters 46 (2007) L97-L98. 
67.  S. Wada, K. Takeda, T. Muraishi, H. Kakemoto, T. Tsurum, T. Kimura, Jpn. J. 
Appl. Phys., Part 1 46 (2007) 7039-7043. 
68.  X.Y. Ding, B. Shen, J.W. Zhai, Z.K. Xu, F. Fu, J.J. Zhang, X. Yao, 
Ferroelectrics 401 (2010) 30-35. 




70.  G.L. Messing, S. Trolier-McKinstry, E.M. Sabolsky, C. Duran, S. Kwon, B. 
Brahmaroutu, P. Park, H. Yilmaz, P.W. Rehrig, K.B. Eitel, E. Suvaci, M. 
Seabaugh, K.S. Oh, Crit. Rev. Solid State Mater. Sci. 29 (2004) 45-96. 
71.  W.D. Callister, -, Materials science and engineering : an introduction, 7th ed. 
ed., John Wiley & Sons, New York :, 2007. 
72.  http://infohost.nmt.edu/~mtls/instruments/Fesem/FESEM%20principle.htm 
73.  F.K. Lotgering, Journal of Inorganic & Nuclear Chemistry 9 (1959) 113-&. 
74.  ANSI/IEEE Std 176-1987 (1988). 
75.  IEEE Trans. Ultrason. Ferroelectr. Freq. Control 43 (1996) A1-A54. 
76.  T.L. Jordan, Z. Ounaies, Piezoelectric Ceramics Characterization, in, 
INSTITUTE FOR COMPUTER APPLICATIONS IN SCIENCE AND 
ENGINEERING HAMPTON VA, 2001. 
77.  C.B. Sawyer, C.H. Tower, Physical Review 35 (1930) 269-273. 
78.  http://www.doitpoms.ac.uk/tlplib/ferroelectrics/printall.php 
79.  M.E. Ebrahimi, M. Allahverdi, A. Safari, J. Am. Ceram. Soc. 88 (2005) 2129-
2132. 
80.  Y.F. Liu, Y.N. Lu, M. Xu, L.F. Zhou, S.Z. Shi, Mater. Chem. Phys. 114 (2009) 
37-42. 
81.  Y.M. Kan, X.H. Jin, P.L. Wang, Y.X. Li, Y.B. Cheng, D.S. Yan, Mater. Res. 
Bull. 38 (2003) 567-576. 
82.  S.W. Zhang, H.L. Zhang, B.P. Zhang, G.L. Zhao, J. Eur. Ceram. Soc. 29 (2009) 
3235-3242. 
83.  R.D. Shannon, Acta Cryst. A 32 (1976) 751-767. 
84.  F. Moura, A.Z. Simoes, B.D. Stojanovic, M.A. Zaghete, E. Longo, J.A. Varela, 
J. Alloys Compd. 462 (2008) 129-134. 
 149 
 
85.  B. Tang, S.R. Zhang, X.H. Zhou, Y. Yuan, L.B. Yang, J. Electroceram. 25 
(2010) 93-97. 
86.  C. Hammond, -, The basics of crystallography and diffraction, 3rd. ed. ed., 
Oxford University Press, New York :, 2009. 
87.  G.S. Rohrer, Structure and bonding in crystalline materials, Cambridge 
University Press, Cambridge ; New York :, 2001. 
88.  J.H. Cho, T.K. Song, L. Wang, H.G. Yeo, Y.S. Sung, M.H. Kim, D.S. Park, J. 
Appl. Phys. 105 (2009). 
89.  M. Matsubara, T. Yamaguchi, K. Kikuta, S. Hirano, Jpn. J. Appl. Phys., Part 1 
44 (2005) 6136-6142. 
90.  E. Fatuzzo, J. Appl. Phys. 33 (1962) 2588-2596. 
91.  J. Chen, X. Xing, A. Watson, W. Wang, R. Yu, J. Deng, L. Yan, C. Sun, X. 
Chen, Chem. Mat. 19 (2007) 3598-3600. 
92.  W. Long, W. Chung-Chuang, W. Tien-Shou, T. Chain-Cheau, Journal of 
Physics C: Solid State Physics 16 (1983) 2803. 
93.  M.E. Drougard, D.R. Young, Physical Review 94 (1954) 1561-1564. 
94.  D.A. Berlincourt, C. Cmolik, H. Jaffe, Proc. Inst. Radio Eng. 48 (1960) 220-
229. 
95.  H.D. Chen, K.R. Udayakumar, C.J. Gaskey, L.E. Cross, Appl. Phys. Lett. 67 
(1995) 3411-3413. 
96.  A. Prasatkhetragarn, B. Yotburut, N. Triamnak, R. Yimnirun, D.P. Cann, 
Ceram. Int. 38 (2012) 827-830. 
97.  I.W. Chen, P. Li, Y. Wang, J. Phys. Chem. Solids 57 (1996) 1525-1536. 
98.  D. Hennings, A. Schnell, G. Simon, J. Am. Ceram. Soc. 65 (1982) 539-544. 
 150 
 
99.  T. Tsurumi, K. Soejima, T. Kamiya, M. Daimon, Jpn. J. Appl. Phys., Part 1 33 
(1994) 1959-1964. 
100.  L. Cui, Y.D. Hou, S. Wang, C. Wang, M.K. Zhu, J. Appl. Phys. 107 (2010) 
054105. 
101.  M.M. Kumar, K. Srinivas, S.V. Suryanarayana, Appl. Phys. Lett. 76 (2000) 
1330-1332. 
102.  Y. Su, G.J. Weng, Journal of the Mechanics and Physics of Solids 53 (2005) 
2071-2099. 
103.  T. Matthew, Eur. J. Phys. 21 (2000) 459. 
104.  H. Du, W. Zhou, F. Luo, D. Zhu, S. Qu, Z. Pei, J. Appl. Phys. 105 (2009) 
124104. 
105.  K. Uchino, S. Nomura, Ferroelectr., Lett. Sect. 44 (1982) 55-61. 
106.  L.E. Cross, Ferroelectrics 76 (1987) 241-267. 
107.  D. Viehland, M. Wuttig, L.E. Cross, Ferroelectrics 120 (1991) 71-77. 
108.  Y.P. Guo, K. Kakimoto, H. Ohsato, Appl. Phys. Lett. 85 (2004) 4121-4123. 
109.  D. Lin, K.W. Kwok, H.L.W. Chan, J. Appl. Phys. 102 (2007). 
110.  E.V. Colla, N.K. Yushin, D. Viehland, J. Appl. Phys. 83 (1998) 3298-3304. 
111.  G.Y. Xu, D. Viehland, J.F. Li, P.M. Gehring, G. Shirane, Physical Review B 
68 (2003). 
112.  S.-E. Park, T.R. Shrout, J. Appl. Phys. 82 (1997) 1804-1811. 
113.  V.S. Vikhnin, R. Blinc, R. Pirc, J. Appl. Phys. 93 (2003) 9947-9952. 
114.  Z. Kutnjak, J. Petzelt, R. Blinc, Nature 441 (2006) 956-959. 
115.  M. Iwata, H. Orihara, Y. Ishibashi, Ferroelectrics 266 (2002) 57-71. 
116.  E. Li, H. Kakemoto, S. Wada, T. Tsurumi, IEEE Trans. Ultrason. Ferroelectr. 
Freq. Control 55 (2008) 980-987. 
 151 
 
117.  Zong-Yang Shen, Yuhua Zhen, Ke Wang, Jing-Feng Li, J. Am. Ceram. Soc. 92 
(2009) 1748-1752. 
118.  M. Suzuki, H. Nagata, J. Ohara, H. Funakubo, T. Takenaka, Jpn. J. Appl. Phys., 
Part 1 42 (2003) 6090-6093. 
119.  J. Yoo, D. Kim, Y. Lee, I. Lee, S. Lee, I. Kim, J. Song, Integr. Ferroelectr. 105 
(2009) 18-26. 
120.  J. Yoo, Y. Lee, K. Yoon, S. Hwang, S. Suh, J. Kim, C. Yoo, Jpn. J. Appl. Phys., 
Part 1 40 (2001) 3256-3259. 
121.  C.C. Huang, N. Vittayakorn, D.P. Cann, IEEE Trans. Ultrason. Ferroelectr. 
Freq. Control 56 (2009) 1304-1308. 
122.  R. Yimnirun, S. Ananta, P. Laoratanakul, J. Eur. Ceram. Soc. 25 (2005) 3235-
3242. 
123.  H.L. Du, D.J. Liu, F.S. Tang, D.M. Zhu, W.C. Zhou, J. Am. Ceram. Soc. 90 
(2007) 2824-2829. 
124.  A.N. Salak, V.V. Shvartsman, M.P. Seabra, A.L. Kholkin, V.M. Ferreira, J. 
Phys.: Condens. Matter 16 (2004) 2785. 
125.  N. Scarisoreanu, M. Dinescu, F. Craciun, P. Verardi, A. Moldovan, A. Purice, 
C. Galassi, Appl. Surf. Sci. 252 (2006) 4553-4557. 
126.  J.Y. Li, R.C. Rogan, E. Ustundag, K. Bhattacharya, Nature Materials 4 (2005) 
776-781. 
127.  K. Nassau, H.J. Levinstein, G.M. Loiacono, J. Phys. Chem. Solids 27 (1966) 
983-988. 
128.  S.C. Abrahams, J.M. Reddy, J.L. Bernstein, J. Phys. Chem. Solids 27 (1966) 
997-1012. 
129.  K. Wang, J.-F. Li, J. Am. Ceram. Soc. 9999 (2010). 
 152 
 
130.  M.-S. Kim, S.-J. Jeong, J.-S. Song, J. Am. Ceram. Soc. 90 (2007) 3338-3340. 
131.  A. Reisman, F. Holtzberg, J. Am. Chem. Soc. 80 (1958) 6503-6507. 
132.  I. Tomeno, S. Matsumura, J. Phys. Soc. Jpn. 56 (1987) 163-177. 
133.  D. Viehland, J.F. Li, S.J. Jang, L.E. Cross, M. Wuttig, Physical Review B 46 
(1992) 8013-8017. 
134.  H. Yu, Z.-G. Ye, J. Appl. Phys. 103 (2008) 034114-034115. 
135.  A. Bokov, Z.G. Ye, J. Mater. Sci. 41 (2006) 31-52. 
136.  S.J. Zhang, R. Xia, T.R. Shrout, G.Z. Zang, J.F. Wang, J. Appl. Phys. 100 
(2006). 
137.  D. Berlincourt, H.H.A. Krueger, J. Appl. Phys. 30 (1959) 1804-1810. 
138.  B. Shao, J.-H. Qiu, K.-J. Zhu, Y. Cao, H.-L. Ji, J. Alloys Compd. 515 (2012) 
128-133. 
139.  G.H. Haertling, J. Am. Ceram. Soc. 82 (1999) 797-818. 
140.  E.M. Sabolsky, A.R. James, S. Kwon, S. Trolier-McKinstry, G.L. Messing, 
Appl. Phys. Lett. 78 (2001) 2551-2553. 
141.  K.H. Brosnan, S.F. Poterala, R.J. Meyer, S. Misture, G.L. Messing, J. Am. 
Ceram. Soc. 92 (2009) S133-S139. 
142.  S. Kwon, E.M. Sabolsky, G.L. Messing, S. Trolier-McKinstry, J. Am. Ceram. 
Soc. 88 (2005) 312-317. 
143.  T. Sato, T. Kimura, Ceram. Int. 34 (2008) 757-760. 
144.  Z. Yu, R.Y. Guo, A.S. Bhalla, Appl. Phys. Lett. 77 (2000) 1535-1537. 
145.  R.C. Bradt, G.S. Ansell, Mater. Res. Bull. 2 (1967) 585-589. 
146.  D. Liu, Y.K. Yan, H.P. Zhou, J. Am. Ceram. Soc. 90 (2007) 1323-1326. 




148.  W.F. Bai, B. Shen, F. Fu, J.W. Zhai, Japanese Journal of Applied Physics 51 
(2012). 
149.  M. Belmonte, J.S. Moya, P. Miranzo, J. Am. Ceram. Soc. 78 (1995) 1661-1667. 
150.  I.O. Ozer, E. Suvaci, B. Karademir, J.M. Missiaen, C.P. Carry, D. Bouvard, J. 
Am. Ceram. Soc. 89 (2006) 1972-1976. 
151.  T. Kimura, Application of texture engineering to piezoelectric ceramics - A 
review, in, Kawasaki, JAPAN, 2006, pp. 15-25. 
152.  C.A. Miller, British Journal of Applied Physics 18 (1967) 1689. 
153.  L.E. Cross, Ferroelectrics 151 (1994) 305-320. 
154.  Z. Jingji, Z. Jiwei, J. Haitao, Y. Xi, J. Phys. D: Appl. Phys. 41 (2008) 195405. 
155.  J.C. Shaw, K.S. Liu, I.N. Lin, J. Mater. Sci. 28 (1993) 3335-3340. 
156.  G.C. Deng, A.L. Ding, X.S. Zheng, X. Zeng, Q.R. Yin, J. Eur. Ceram. Soc. 26 
(2006) 2349-2355. 
157.  M. Yokosuka, Jpn. J. Appl. Phys., Part 1 32 (1993) 1142-1146. 
158.  G.H. HAERTLING, J. Am. Ceram. Soc. 50 (1967) 329-330. 
159.  Y. Hiruma, K. Marumo, R. Aoyagi, H. Nagata, T. Takenaka, J. Electroceram. 
21 (2008) 296-299. 
160.  D. Hennings, International Journal of High Technology Ceramics 3 (1987) 91-
111. 
161.  S.L. Swartz, Electrical Insulation, IEEE Transactions on 25 (1990) 935-987. 
162.  W.R. Buessem, L.E. Cross, A.K. Goswami, J. Am. Ceram. Soc. 49 (1966) 33-
36. 




164.  R. Dan, T. Vasile, M. Liliana, O. Masanori, J. Phys.: Condens. Matter 11 (1999) 
1601. 
165.  X.-G. Tang, H.L.-W. Chan, J. Appl. Phys. 97 (2005) 034109-034106. 
166.  H. Yu, H. Liu, H. Hao, L. Guo, C. Jin, Z. Yu, M. Cao, Appl. Phys. Lett. 91 
(2007) 222911-222913. 
167.  P. Papet, J.P. Dougherty, T.R. Shrout, J. Mater. Res. 5 (1990) 2902-2909. 
168.  S. Huo, S. Yuan, Z. Tian, C. Wang, Y. Qiu, J. Am. Ceram. Soc. (2011) 1-5. 






















List of Publications 
Journal Papers 
1. Shukai Ye, Jerry Fuh, Li Lu, Structure and electrical properties of <001> 
textured (Ba0.85Ca0.15)(Ti0.9Zr0.1)O3 lead-free piezoelectric ceramics, Appl. Phys. 
Lett., 100, 252906 (2012). 
2. Shukai Ye, Jerry Fuh, Li Lu, Effects of Ca substitution on structure, 
piezoelectric properties, and relaxor behavior of lead-free Ba(Ti0.9Zr0.1)O3 
piezoelectric ceramics, J. Alloys Compd.,  In press. 
3. Shukai Ye, Jerry Fuh, Li Lu, Structure, dielectric and piezoelectric properties 
of (Ba0.85Ca0.15)(Zr0.1Ti0.9)O3-LiNbO3 lead-free ceramics, To be submitted. 
4. Shukai Ye, Jerry Fuh, Li Lu, Structure and properties of hot-pressed lead-free 
(Ba0.85Ca0.15)(Zr0.1Ti0.9)O3 piezoelectric ceramics, To be submitted. 
Conference Presentations 
1. Shukai Ye, Jerry Fuh, Li Lu, Toward Lead-Free Piezoelectric Ceramics – 
Future materials for sensing, actuation and energy harvesting, The 3rd 
International Forum on Systems and Mechatronics (IFSM2010), Sep 6-9, 
2010, Singapore. (Oral) 
2. Shukai Ye, Jerry Fuh, Li Lu, Microstructure and Piezoelectric Properties of 
Ca-substituted Ba(Ti0.9Zr0.1)O3 Ceramics, The 3rd International Congress on 
Ceramics (ICC3), Nov 14-18, 2010, Osaka, Japan. (Poster) 
3. Shukai Ye, Jerry Fuh, Li Lu, Microstructure and Electrical Properties of 
Textured (Ba,Ca)(Ti,Zr)O3 Ceramics, The 4th International Symposium on 
Functional Materials (ISFM2011), Aug 2-6, 2011, Sendai, Japan. (Oral) 
